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IKTEODUGTIOH 
I Since 1935, when the concept of COg utilization in hetero-
I trophic metabolism was first established {?tfood and V^erkman, 
I 1935, 1936a), and 1938, when the relationship was demonstrated 
f between GOg utilization and succinic acid fopiiiation {Wood and 
I 
Werkman, 1938), considerable progress has been made towards an 
I 
understanding of the fundamental role of COg-fixation in 
heterotrophic metabolism. The fixation reaction has been dem-
onstrated with a number of heterotrophic bacteria, with yeasts, 
molds, and trypanosomes, and with plant and animal tissues 
(cf. Wepkman and Wood, 1942a), The use of the isotopes, 
radioactive carbon, (C ) and the stable form, heavy carbon 
13 (C ), has confirmed the occurrence and extended our knowl­
edge of this reaction^ 
In order to further elucidate the mechanism sind possible 
physiological function cf the fixation reaction, attempts have 
been made to utilize another tool, namely, cell-free enzyme 
preparations. Thus it is the purpose of this investigation to 
follow more accurately and in greater detail pyruvate dissimi-
j lation and heterotrophic CO2 assimilation, using a cell-free 
} bacterial enzyme preparation and the heavy carbon isotope. 
I Finally, investigations vrill be described sho-ss-ing the occur-
i rence of a compound arising from pyruvate and COg, and resem­
bling oxalacetic acid, the postulated intermediate in 
COg-fixation. 
ErSTOELCAL 
For many years. Investigators have tried to prepare cell-
free enzyme systems from bacteria in order to obtain more in­
formation about the metabolic processes and physiological 
reactions going on in the interior of those cells. The review 
by lerkman and Wood (1940) gives an excellent account of many 
of those attempts. Up to a fe-sr years ago, no satisfactory 
method had been developed for the preparation of such enzyme 
systems, although a large number of different methods had been 
attempted* Extracellular bacterial enzymes •were fairly easy 
to obtain from the cell-free filtrates of bacterial cultures, 
but generally they were present in small quantities only, and 
therefore had very little activity. Even after concentration 
of these enzymes by alcohol and acetone precipitation, this 
method was quite limited in scope because of the character of 
the enzymes involved. In another method, bacterial cells were 
allowed to autolyze, and attempts were then made to extract 
enzymes from such cells. This method, generally, was too long, 
stretching from days into weeks and therefore inviting contaai-
ination. Bacterial cells were also subjected to drying, shak­
ing, alternate freezing and thawing, tryptic digestion, lysis 
and ultrasonic vibration, with varying success. The methods 
developed, generally, were too limited in scope, and applied 
either to certain organisms only (as in the case of lysis), or 
to certain (extracellular) single enzymes and not to the 
majority of enzymes in the "bacterial cell. V^ith other methods, 
results could not he duplicated easily, and treatment was 
either inadequate or too drastic. 
In 1958, Booth and Green developed their stainless steel 
mill for obtaining cell-free enzyme systems from microorganisms. 
The mill consists of a conical shaft rotating a set of rollers, 
vjhich are in contact with a closely fitting outer race. A sus­
pension of bacteria is then continuously circulated through 
the mill with the aid of a pump, and the organisms are crushed 
when they come between the outer guide and the revolving 
rollers. By the use of this mill, preparations were obtained 
from yeast, Sarcina lutea, Bacilitis subtilis, and Bscherichia 
coli. One ml. of S. coli juice took up 50G to 1000 p,l. Og in 
one hour on hesosediphosphate In bicarbonate, and liberated 
approximately 1000 ^ 1. COg in one hour, anaerobically. The 
most active enzymes in this preparation were the dehydrogenases 
of malic, triosephosphoric, a-glycerophosphoric and succinic 
acids, as well as the hydrogenases. 
This mill has been used by Gale (1939) in studying formic 
dehydrogenase, and by Still in his work on the alcohol dehydro­
genase {1940a), on triosephosphate dehydrogenase (1940b) and 
pyruvate oxidation (1941). All of these preparations were 
obtained from E. coli. 
Despite the success of the Booth-Green mill, it had the 
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disadvantages of 'being expensive and using metal surfaces for 
grinding- Therefore a method of grinding bacteria v;ith pow­
dered Pyrex glass was developed in this laboratory by IrJiggert 
et al. (1940). The method employed equipment which was readi­
ly available, a ball mill to powder glass, and a mortar 
and pestle to grind the cell-glass laixture and thus disrupt 
the cells* With a juice prepared from Aerobacter indolo^enes 
and using the methylene blue technique, the authors demonstrated 
the presence of the dehydrogenases of galactose, formate, 
succinate, fiimarate, lactate, pyruvate, xylose and 
dihydroxyac e t one » 
The disadvantage of this method was that the grinding of 
the bacteria, using the mortar and pestle, was done by hand. 
Thus, the grinding was not constant or uniform and preparations 
varying in activity were obtained. The method was therefore 
further developed by several workers in this laboratory, 
whereby the cell-glass paste was ground by being gently forced 
between two close-fitting ground-glass cones, the inner one of 
which was rotated. This adaptation resulted in more uniform 
and stronger preparations. More detailed procedures in the 
use of this method are given in the next section. 
Using cell-free bacterial enzyme systems prepared with 
the aid of this glass-grinding technique, Silvei^an and 
Werkman (1941) and Gross et al. (1942, 1943) have described the 
conversion of pyruvate to acetylmethylcarbinol and 002# and 
Utter and Werkman have demonstrated the occurrence of the 
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aldolase and isomer-ase equililDria in bacterial metabolism 
(1941), the dissimilation of phosphoglyceric acid (1942a)^ and 
the effect of metal ions on the reactions of phosphopyruvate 
{1942b). The- work with acetylmethylcarbinol was done with 
Aerobacter juicesj, the other u'ork with E. coli enzyme systems. 
In the present report, a cell-free enzyme preparation, obtained 
from E. coli by the same method, was used to study the anaero­
bic disaimilation of pyruvate, to determine the components of 
the ©nsyme system concemed, and to compare the enzymes func­
tioning in the anaerobic dissimilation of pyruvate with those 
responsible for its aerobic breakdown. During the anaerobic 
dissimilation of pyruvate, the utilization of carbon dioxide 
was demonstrated -with this preparation. 
Pyruvate as a Metabolic Interajiediate 
. There is no intermediary substance produced 
during the metabolism of foodstuff that possesses the 
reactivity of pyruvate, and is able to take part in 
such a variety of reactions. Pymvate is thus the 
hub toward which converge carbohydrate, fats and pro­
teins in their catabolic and anabolic reactions." 
(Barron, 1943) 
In the oxidation of fatj, the molecule is probably oxidized 
to glycerol and fatty acids, and these two components then 
undergo oxidation. There is reason to believe that the inter­
mediate steps in the oxidation of glycerol resemble those in 
the oxidation of carbohydrates. In all probability, the gly­
cerol, through such stages perhaps as glyceraldehyde, pyruvic 
acid or dihydroxyacstone is finally broken dovm to CO2 and E2O 
(Harrow, 194S). Yhsre is evidence, also, that fatty acids, in 
metabolism, can be oxidized to a four-carbon stage, acetoacetic 
acid, and there is some further evidence that this can be con­
verted into acetic acid in the tissues (Harrow, 1943). It is 
further suggested (j^. Krebs, 1943) that butyric aoid arising 
from fatty acids undergoes gajjima oxidation and is converted 
into succinic acid. The relationship of succinate to pyruvate 
through fumarate, malate and the decarboxylation of oxalacetate 
is already fairly -©ell established. Liver forma acetoacetic 
iacid from pyruvate (Barron £t aJ., 1941), and it is suggested that the synthesis of carbohydrate from fat probably occurs through the link between acetoacetic acid and pyruvic acid. T-he conversion of carbohydrate into fat has been known to 
occTor for a long time. Here, our information as to the mechan­
isms involved is little more than guess work. It has been 
postulated that carbohydrate is converted to pyruvic acid and 
the pyruvic acid then decarboxylated to acetaldehyde. Prom 
there, by a series of condensations, either bet^iFeen one molecule 
of pyruvate with one molecule of acetaldehyde or bet-sreen tiii?o 
molecules of acetaldehyde, eventually, 16- and 18- carbon 
fatty acids would be reached. As some evidence that P3rruvate 
might be a factor in the conversion of carbohydrate into fat, 
thiamine and two other factors, riboflavin and pantothenic 
acid are apparently required for this reaction (Harrow, 1943), 
Of approximately fourteen reactions which pyinivate is known to 
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undergo, diphosphothiaisine has been found necessary for eleven 
of those reactions (Barron, 1943). 
The inter-relationships of proteins and pyruvate are more 
obvious. For example, a number of amino acids yield breakdown 
products during metabolism, tirhich products also arise from 
carbohydrate. For example, glutamic acid, on transamination, 
yields ketoglutaric acid, -which is decarboxylated to succinic 
acid, and then can easily be converted to pyruvate. Aspartic 
acid on transamination yields oxaloacetate,- which, on decar­
boxylation also yields pyruvate. Alanine, diiring tr-ansamisaa-
tion, can be directly converted to pyruvate. Altogether, at 
least eight or nine amino acids yield pyruvate on oxidation 
(Erebs, 1943). In the conversion of carbohydrate into protein, 
pyruvate could again logically serve as a key intermediate, 
through carbosylation, the, Srebs tricarboxylic acid cycle, and 
transamination. 
In carbohydrate metabolism, during the breakdown of glucose 
to pyruvate, there are eight separate steps, all of them re­
versible except the last: the conversion of phosphopyruvate 
to pyruvate. All these reactions are anaerobic. Therefore, 
pyruvate is the end product of fermentation in normal, complete, 
carbohydrate metabolism. Prom this point, the breakdorai of 
pyruvate may proceed under anaerobic or aerobic conditions, and 
may take a number of different paths in different tissues and 
under different conditions. 
In conversion of fats and proteins into carbohydrate. 
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phosphopyruvate is probably tbe more logical intermediate, 
although pyruvate itself can be converted into glycogen 
(Buchanan et al»,, 1942). 
Reactions of pyruvate 
According to its important position in cellular metabol­
ism, pyruvate should be, and is, a very reactive compound» Its 
many reactions have been found in animal tissues, yeast, bac­
teria, fungi, and plants. Pyruvate tmdergoes the following 
reactions; 
1. Oxidation in muscle. For every molecule of pyruvate 
utilized, 2-1/2 molecules of O2 are taken up and three 
molecules of CO2 are formed: 
CE3.CO.COOH •)- 50 = 5CO2 + SEgO 
2. Oxidative decarboxylation in animal tissues and bacteria: 
CH3.CO.COOE + 0 = CBg.COOE + GOg 
3. Transamination in animal tissues: 
CEg^COOS CI^.COOH 
c% + CPI3.CO.COOE CH2 f CHs.CECKiigi.COOE 
CE{HE2).COOE CO.COOH 
Glutamic Pyruvic a-Keto- d-Alanine 
acid acid glutaric 
acid 
4. Condensation to acetoacetate in li^er. 
5» Decarboxylation in yeast: 
CH3.CO.COOE = GE3.CEO + COg 
6. Reduction in muscle and bacteria: 
.aE3.CO.COOH f 2H , ^ CH3.CEOE.CQOH 
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7. Disputation in suscle and bacteria: 
2CH5.CO.COOE + HgO = Cfig.CEOE.COOE + CE5.COOH + COg 
Among the bacteria, this disrrrutation is carried out by 
Staphylococcus aureus, Staph, albus. Streptococcus fecalis, 
I^Ieisseria gonorrhoeaj Lactobacillus delbrucMi, and E« 
coli at low pH. 
8. Eydroclastic reaction in bacteria; 
CE^.GO.COOH + EgO = CBg.CCOE + HCOOH 
Occurs in E. colij Strep. hemolyticus> Aerobacter 
aerogenes and Proteus vulgaris. 
9. Oxidation v;ith water by bacteria (Clostridium) 
CEg.CO^COOE + EgO r CEg^COOH f COg f Eg. 
In this case, COg and Eg are produced, instead of formic 
acid. Eowever, it is unlikely that the COg and Eg arise 
from formic acid because formic acid.is not attacked by 
these bacteria. 
10. Condensation to acetylmethylcarbinol (Aerobacter) 
SCE^.CO.COOE ^ > CH^.CHOE.CO.CHg f SCOg 
11. COg-fixation or carb03cylation: 
COg t CEg.CO.COOE EQOC.CEg.CO.COOE 
COg-fixation gives a series of products and thus makes 
possible a large number of reactions. At this point it 
might be well to present a short suznaiary of the events and 
results that led to the acceptance of the active partici­
pation of COg in heterotrophic metabolism. 
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00-2 utilization 
It is generally iaio-wn that autotrophs can assimilate CO2 
and utilize it as their sole source of carbon by the use of 
photosynthetic and chemosynthetic aechanisms. By contrast, up 
to few years ago, it V7as believed that animals and other hetero­
trophic non-photosynthetic organisms could not utilize CO2, but 
used organic carbon compounds to satisfy their carbon needs. 
More recently, however, it has been demonstrated that 
heterotrophic bacteria can utilize CO2 to form carbon-to-carbon 
linkages, but their carbon needs cannot be met by this com­
pound alone. Heterotrophic C02-'fi2cation, since its discovery 
by Y^ood and Workman in 1935, has since been extended to yeasts, 
aolds, and trypanosomes, and has also been shoisn to take place 
in plant and animal tissues. (For a complete treatment of 
this subject, see the review by Werkman. and Wood, 1942a.) 
Recent reviews on metabolism, including CO2 utilization are 
those by WerJonan and Wood (1942b), Barron (1943), and Krebs 
(1943). 
The heterotrophic utilization of CO2 reported wMle a 
study was being made of the dissimilation of glycerol by sev­
eral species of Propionibacterium with CaCO^ as a buffering 
agent. The total carbon dioxide liberated during the fermen­
tation, plus that remaining as carbonate, was less than the 
CO2 originally added as carbonate. Oxidation-reduction 
indexes and carbon balances supported this view. 
The first important step in elucidating the mechanism of 
this reaction was evidence that GOg utilization took place "by 
addition of a three-car-bon compound (G^) to a one-carbon com­
pound (C^), to form succinic acid, a four-carbon compotind 
(V/ood and Werkman, 1938)• Since the succinic acid was formed 
from glycerol in equimolar quantities to the CO2 fixed, the 
synthesis by Cg and addition seemed probable. Furthermore, 
pyruvate was proposed as the Cg compound of the fixation 
reaction, since it could be isolated from the fermentation 
liquor by addition of bisulfite (Wood and Werkman, 1937). It 
•eras further proposed that the resulting ozalacetate could be 
reduced stepwise to succinic acid according to the following 
reactions: 
GO2 f GEg.CO^COOE = COOH.CI^.GO.COOE 
COOH.CBg.GO.COOE f 4H r COOH.CEg.GI^.COOE f ^ 0 
(Wood ^  1941). 
Another indication as to the mechanism of the reaction 
was presented by Elsden (1938) who showed that succinic acid 
formation by coli was dependent on the concentration of CC^ 
in the medium. This was also the first extension of CO2-
fixation to another heterotrophic organism. Thus, from the 
following facts more direct evidence was obtained for the 
utilization of COg in the formation of succinic acid by 
heterotrophic bacterial (1) that there was a direct equimolar 
relationship between the GOg utilized and the succinic acid 
formed, and (2) succinic acid formation depended on the 
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concentration of CO2 in the medium, and (5) there was little 
or no succinate formed vrhen the glycerol ferxsentation was 
carried out in phosphate buffer, in the absence of CO2 {""A'ood 
and Vi'erkman, 1938). 
In 1940 (a), Yi'ood and Werksan demonstrated the forsiation 
of succinate by propionic acid bacteria, from a number of sub­
strates. Farther proof that pyruvate -was (or could be con­
verted into) the three-carbon compound which actually partook 
in the fixation reaction was presented in several other papers. 
In 1941 (a)5 Wood ^  al. demonstrated the fixation of COg by 
coliform bacteria, during the fermentation of galactose, 
citrate, and pyruvate. In subsequent studies on COg-fixation 
pyruvate was used as substrate by several different 
investigators. 
Confirmation of the occurrence of the fixation reaction 
during the dissimilation of glycerol by the propionic acid 
bacteria was presented by Phelps £t (1939), by Carson and 
Buben (1940) using radioactive carbon (C^^), and by Wood £t al. 
(1940) employing the stable isotope (C^^). 
l^he availability of carbon isotopes at this time greatly 
facilitated further study of the mechanissi of this reaction. 
With the aid of the isotopes, in the form of added to 
the medixiia, an excess of heavy carbon was found to be present 
in the succinic acid formed during GQg-fixation. By degrading 
1 the succinic acid molecule, the excess -was found to be 
present exclusively in the carboxyl groups of the succinic acid 
- 13 -
(Yvood al«5 194113). Since succinic acid is a symmetrical 
1 ^  
molecule, differentiation of the C content of each carboscyl 
group could not be made, but calculations made on the basis of 
IS 1 the C available and the actual asiount of C fixed indicated 
that all of the fixed carbon was located in one carboxyl group 
of succinic acid. According to the following postulated 
mechanism, the labelled carbon or should be in only 
one carboxyl group of the final succinic acid formed; 
COg + CE3.CO.CCCn ? COOE.CEg.CC.COOH COOH.CEg.CEOE.COOH. 
« ~EpO » 42H ' 
COOE.CEg-CEOE.COOE —^ COOE.CErCH.CGOH --4 COOE.CEg.CEg.COOE. 
Further proof of this postulated series of reactions came when 
Nishina, Endo and Nakayama (1941), using radioactive carbon, 
derr.onatrated the fonnation of malic and fumaric acids from 
pyruvate by E. coli. 
By the use of the heavy carbon isotope, it was also deter-
sined that the propionic acid formed during the fermentation 
of glycerol by the propionic acid bacteria also contained 
heavy carbon ("Wood et al., 1940). In attempts to elucidate 
this mechanism, further work seemed to point to the probabil­
ity that propionic acid may be formed in this fermentation by 
the unexpected mechanism of union of a three-carbon compotmd 
with followed by reduction to succinate and decarboxyla­
tion to propionic acid (Wood et 1941a). Slade et al. 
(1942) showed that CO2 "was assimilated by a wide variety of 
heterotrophic bacteria with formation of a carbon-to-carbon 
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13 linkage. With C as a tracer, fixed carbon "Eras also found to 
be present in the carboxyl group of lactic acid formed by sev­
eral species of bacteria. Several possible siechanisiss ^:ere 
advanced to explain this fact, including one somewhat similar 
to that proposed for the formation of propionic acid. In ex­
periments with the horiolactic acid bacteria, no fixation 
occurred. Furthermore, some genera formed acetic acid contain­
ing heavy carbon in the carboxyl group, and the authors postu­
lated its occurrence through a cleavage of a previously formed 
dicarboxylic acid. 
Extension of the concept of heterotrophic COg utilization 
to animal tissues came about quite logically, and in the last 
few years, much -work has been done in this field, by several 
different groups of investigators. In 1938, when it was pro­
posed that pyruvic acid was the possible three-carbon inter­
mediate compound undergoing fixation, Wood and Workman also 
suggested that this fixation might take part in Srebs' citric 
acid cycle. 
The Krebs cycle •was originally proposed by Erebs and 
Johnson (19S7), and modified by Wood ^  (1941c, 1942) and 
by Evans and Slotin (1941). It was proposed as a mechanism 
to account for the complete oxidation of a molecule of pyruvate 
to COg and EqO by pigeon breast muscle. In that scheme, one 
molecule of ozalacetic acid unites with one molecule of pyruvic 
acid to form a seven-carbon compound, which then passes through 
a series of oxidative decarboxylations until the end product. 
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oxalacetic acidj, is reached. Thus, the carbon and hydrogen 
of the pyruvic acid molecule are oxidized to COg and water, 
and the oxalac0||ate regenerated again. 
The scheisiej, as presented "by Kreos, also included the 
mechanisai for hydrogen transport proposed by Ssent GyBrgyi and 
co-workers (1937). These investigators suggested that cata­
lytic quantities of the four-carbon dicarbosylic acids acted 
as hydrogen transporters in the folloiving manner; oxalacetic 
acid accepts hydrogen (donated by some other svibstrate during 
metabolisni) and thus is converted to malic acidi the italic 
acid, through successive steps, passed through furmaric and 
succinic acids, and from the latter compound the hydrogen is 
passed on to cytochrome oxidase and finally to oxygen, to 
form water. Thus, in the oxidation of triosephosphate, oxal­
acetic acid accepts hydrogen and is converted to malate. 
According to Erebs (1945) t"wo other reactions can donate hydro­
gen to oxalacetate: the conversion of the intersiediate seven-
carbon compound (pyruvo-fumarie acid) to cis-aconitic acid, 
and the oxidation of isocitric through oxalosuccinic to a-
ketoglutaric acid. 
In order for carbohydrate to be oxidized by this scheme, 
^»e», pyruvate to be converted to COg and BgO, the presence of 
oxalacetic acid is necessary. The actual amotmt of oxalacetate 
necessary would be catalytic, and could arise from either of 
tisro types of sources or from both. One source flight be glu-
taric and aspartic acids, and citrate, succinate, and malate 
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from protein or carbohydrate metaholism. The other possible 
source of oxalacetate might be from the carboxylation of 
pyruvate, _i._e»^;he Wood-Werkman reaction. 
The Krebs cycle has been demonstrated principally in 
pigeon liver and muscle. However, further accumulation of 
data also seems to indicate the occurrence of this cycle in 
sheep heart, testis, brain, and guinea pig kidney. Part of 
this cycle, i.»e., the conversion of citrate to a-ketoglutaric 
acid has also been observed in plant tissue (cuc\imber seeds, 
Krebs, 194S). The reactions in pigeon liver and muscle v/ere 
observed to be quite similar, but not identical. For exaiaple, 
the addition of malonic acid to pigeon breast muscle stops the 
dissimilation of pyruvate by that tissue. Malonic acid in­
hibits the succinic dehydrogenase which converts succinate to 
fxanarate and therefore prevents the regeneration of oxalace-
tate necessary for the ILrsbs cycle. Addition of fumaric or 
malic acid relieves the inhibition caused by the malonate, 
because these acids are easily converted to oxalacetate. This 
conversion allows the dissimilation of pyruvate to proceed, 
but only proportionally to the amount of C4 acid added, because 
no oxalacetate is regenerated, due to the presence of the mal­
onate. As mentioned, addition of malonate stops pyruvate dis­
similation with muscle tissue, but not -with liver. Therefore 
it seemed evident that there must be another method of synthe­
sizing oxalacetate, in liver tissue. 
Further indirect evidence for the occiirrence of the car­
boxylation reaction in animal tissue came when Evans (1940) 
showed that pigeon liver carried on the Krebs cycle ?;ith 
pyruvate as the only substrate. As both pyruvate and oxal-
acetate are needed, the oxalacetate obviously had to be formed 
from the pyruvate. Krebs and Eggleston (1940, 1941) showed 
that carbon dioxide stimulated succinic acid formation from 
pyruvate by pigeon liver. The authors were of the opinion 
that, since pyruvate oxidation by the pigeon liver depended 
upon the concentration of COg and bicarbonate, the COg was used 
in the synthesis of oxalacetate, from pyruvate, both then com­
bining to undergo the various changes of the Krebs cycle. More 
direct evidence of this reaction was presented by Evans and 
Slotin {1940) vrho showed with the aid of radioactive carbon 
that COg "was fixed in the a-l£etoglutaric acid formed from 
pyruvic acid by pigeon liver. 
V?ood et (1941), with the aid of tracer technique, and 
then Evans and Slotin (1941) showed the position of the fixed 
carbon dioxide in the a-ketoglutaric acid to be only in the 
carboxyl group adjacent to the carbonyl group. Since citric 
acid is a syasnetrical moleoule, it had been postulated that 
the fixed carbon would be found in both carboxyls of the a-
ketoglutarate. Thus, the results necessitated a modification 
of the metabolic scheme, in which citric acid is no longer a 
principal in the cycle but is relegated to a side path similar 
to the formation of lactate from pyruvate* 
/ 
Wood et al. (1942) also conclusively showed that there 
are at least two mechanisms for the formation of succinate in 
IS -
liver, one aerobic and the other anaerobic. The Krebs cycle 
adequately accounts for the aerobic formation of succinate from 
pyruvate. In the presence of malonate, the succinate formed 
from the decarboxylation of a-Icetoglutarate contained no heavy 
carbon. The carboxyl containing the heavy carbon is lost, and 
IS 
consequently the C content of the succinate was normal. 
Ho-sever, due to CQ2 fixation, the malate and furaarate formed, 
did contain an excess of heavy carbon, but were prevented from 
being converted into succinate by the malonate present. 
Thus, from the evidence cited, it appears that carboxyla-
tion does occur in pigeon liver, anaerobically, and pyruvate 
dissimilation therefore proceeds -Kfithout the addition of a 
four-carbon dicarboxylic acid. On the other hand, carboxyla-
tion does not occur in muscle, at least not at a rate compar­
able "With that in liver, because muscle, unlike liver, does not 
synthesize significant quantities of -ketoglutaric acid from 
pyruvate in the absence of added oxalacetate or malate. 
Further observations on carbon dioxide assimilation by 
animal tissues have been presented in a series of papers frcaa 
Easting's laboratory. Solomon et a^. (1941) have shown that 
when lactate is fed to fasted rats, and radioactive bicarbonate 
is injected intraperitoneally, the liver glycogen formed con­
tains radioactive carbon. As a probable mechanism, the authors 
postulate the carboxylation of pyruvate, phosphorylation of 
the four-carbon dicarboxylic acid, decarboxylation to phos-
phopyruvate and subsequent synthesis to glycogen through 
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reverse glycolysis; 
C^Og f CB^.CO.COOH C^^OOE.CHg.CO.COOH 
C-^'^OOE.COE:CE.COOH ^ ;• C-^-^OOE.CE:COH.COOH 
+ E3PO4 
. - EgO 
11 —COg 'in 
C-^-^OOE.C:CH.CCOE ^ C-^-^OOE.GiCEg ; ^ glycogen. 
0P03^ . 
Continuing this work, Vennesland ^  al« (1942) further 
demonstrated that on feeding glucose to fasted rats, with 
radioactive bicarbonate present, the synthesized glycogen con 
tained some of the radioactive carbon. In another coramunica-
tion (a preliminary report), Buchanan ^  (1942) demon­
strated glycogen synthesis from pyruvate with rabbit liver 
slices, again using the tracer technique. 
The carboxylation reaction has also been extended (by 
analogy) to pigeon liver, brain, and guinea pig kidney cortex 
which appear to slowly synthesize, glutamine from ammonium, 
pyruvate (Orstr&a £t al., 1939; Weil-Malherbe, 1936j Krebs, 
1945). 
Following these indications of the wide biological occur 
rence of COg-fixation, the natural consequence of the invest! 
gations which followed was an attempt to elucidate the 
mechanism by "which carbon dioxide enters metabolic processes. 
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Mechanism of the Carboxylation Reaction 
PolloT!83.ng the hsrpothesis that the fixation reaction took 
place by a three-carbon and one-carbon addition, pyruvic acid 
was proposed as the three-carbon constituent, which after con­
densation with carbon dioxide, yielded oxalacetic acid. 
Since diphosphothiamine had been found necessary for many 
reactions which pyruvate undergoes, the evidence v/hich Smyth 
(1940) and Krebs and Eggleston (1940) presented as to the 
necessity of diphosphothiamine for the fixation reaction seemed 
quite logical. Smyth, working with staphylococci found that 
oxalacetate replaced thiamin in the dismutation of pyruvate to 
lactate, acetate, and COg- Therefore, it was concluded that 
thiamin ¥/as required for the synthesis of oxalacetate, "which 
could then act as a hydrogen acceptor in the dismutation of 
pyruvate » 
Srebs and Eggleston, investigating the dissimilation of 
pyruvate by pigeon liver, found that COg "^as stimulatory and 
observed that thiamin also had the same effect, i.-e», stimulated 
dissimilation of pyruvate by liver from an avitaminous pigeon. 
They concluded that pyruvate and COg united to form oxalace­
tate, and that the vitamin was necessary for this synthesis. 
The authors gave further weight to these observations when it 
was found that the vitamin did not stimulate pyruvate dissimi­
lation by pigeon breast muscle obtained from the same avitami-
motic bird. This was considered important in view of the 
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postulated occurrence of the fixation reaction in pigeon liver, 
"out not in iDreast muscle. 
These findings were not substantiated "by Krampits and 
Werkman (1941). V^/ith an acetone preparation obtained from 
Micrococcus lysodeilrticua v/hich catalyzed the reaction 
COQH.CEg.CO.COOH > COg + 0%.CO.COOH, they found that 
niagnesiuix ions \-?ere required for the reaction^ ivhereas cocar-
boxylase and thiamin had no effect. However, both and 
diphosphothiamine were essential for pyruvate oxidation. With 
oxalacetate as the substrate, there -Bsas a sufficient supply of 
pyruvate, oisring to the spontaneous decarboxylation of oxal-
acetate, and yet, in the presence of the acid, diphospho­
thiamine ^'as still necessary for pyruvate oxidation. 
There aiay be several explanations for the discrepancies 
observed in the results of these three groups of investigators. 
Smyth did not present conclusive proof of the necessity of the 
vitaiiiin for the formation of oxalacetate, for we know of one 
instance at least -where both diphosphothiamine and a C^-
dicarboxylic acid (besides phosphate, Mg++ and adenine-
dinucleotide) are necessary- for aerobic pyruvate dissimilation 
(Baaga et al., 1959). (It may be added at this point that 
present evidence strongly indicates that anaerobic and aerobic 
pyruvate dissimilation are quite similar as to components of 
the enzymes involved.) Therefore the possibility exists that 
the vitamin-deficient staphylococci used by Smyth had a multi­
ple deficiency J, and thus stimulations were observed on addition 
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of both diphosphothlamlne and oxalacetate. Recently, Krebs 
and Eggleston (1941) reported that the addition of a C^-
dicarboxylic acid stimulated the fermentation of glycerol by 
propionic acid bacteria. As the fixation reaction is known to 
occur with these bacteria oxalacetate should be foraied. Yet 
there was stijmilation on addition of this compoimd. This 
serves to illustrate that stimulation may result, not because 
of a Tsreak fixation reaction, but for some other reason. 
The evidence presented by Krebs and Eggleston as to the 
necessity of cocarboxylase for the fixation reaction is entire­
ly indirect since it %vas not shown to be directly associated 
with an uptake of CO2- Furthermore, no proof was presented 
that the breast m\iscle was deficient in thiamine. It is Tmovm. 
also that all organs of an avitaminotic animal are not equally 
deficient in the vitamin (Ochoa and Peters, 1958). Thus it is 
still possible that, whereas the liver was deficient in the 
vitamin, the breast lausele might not have been. This might 
explain why thiamin stimulated pyruvate dissimilation in liver 
and not in muscle* It has also been pointed out that minced 
muscle is unable to phosphorylate thiamine rapidly (Ochoa, 
193S). It has also been pointed out by Krampitz and Werkman 
that the acetone preparation of M. lysodeikticua utilizes 
c©carboxylase, but not thiaraine, which indicates that the 
mechanism for phosphorylating the vitamin is destroyed by 
acetone treatment. 
Thus, there seems to be no direct evidence that 
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I cocarboxylase is a component of the enzymes concerned with 
I COg-fixation, for the simple reason that in all instances the 
1 evidence has been indirect and the fi:j:ation reaction is but 
I one of the reactions taking place in the cells or tissues 
I studied, l^urthermore, in no instance was carboxylation of 
I pyruvate actually shoisn to take place, nor an uptake of COg 
1 demonstrated. 
The increasing biological importance of heterotrophic CO2 
assimilation has led to further speculation as to possible- co­
enzymes of this reaction. Thus, Burk and Winzler (1943), 
reflecting on the fundamental function of biotin in living mat-
I ter, found some evidence for postulating a biotin vitamer 
a substance which acts to overcome a biotin deficiency) 
as a possible co-enzyme in this reaction. Evidence was the 
existence of a urea ring that may be opened or closed either 
chemically or biologically by yeast trith respective loss and 
gain of COg? ^<3 the fact that the COg presstire requirements 
for growth in the presence of dxaminocarboxylic acid, derived 
from biotin, is much greater than in the presence of biotin. 
Maximum DAC activity at limiting DAC concentrations requires 
a COg,pressure greater than that in air. All this suggested 
the interesting possibility that biotin and its vitamers 
could act, possibly as a co-enzyme of COg transfer, either in 
COg-utilization or COg-production, similar to the functions of 
co-en.zjTnes in hydrogen transfer, and adenylic acid in phos­
phate transfer. 
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Barron (1943) presented some evidence that -SE groups 
might ftinction as a co-enzyme in CO2-utilization. The activat­
ing protein of the follo?i?ing enzyme systems were found to con­
tain -SE groups essential for enzyme activity: pyruvate oxi­
dation, pyruvate condensation to carbohydrate, acetoacetate and 
a-lsetoglutarate, malic oxidase, a-^^s'fcogl^'fcs.ric oxidase, d-
amino acid oxidase, and succinoxidase. In view of the evidence 
already presented for the formation of glycogen containing 
radioactive carbon, from pyruvate and KaHC^'^Og (Buchanan et al., 
1945), and furthermore, that glutathione (-SH groups) has been 
found necessary for pyruvate condensation to carbohydrate, it 
was suggested that perhaps this group is necessary for the Wood-
Werkman reaction. 
The only definite evidence as to possible components of 
the fixation reaction has been obtained by Erampitz et al> 
(1943). These authors did determine that magnesium ions are 
necessary for carboxylation. After obtaining an acetone prepa­
ration from Micrococcus lysodeikticus which catalyzed the de­
carboxylation of oxalacetate to pyruvate and CO2, their 
further attempts to demonstrate the carboxylation of pyruvate 
isrere not successful. However, it was recognized that the 
possibility of carboxylation isas not excluded, since the equi­
librium of the reaction night be far to the side of decarboxyl­
ation and therefore the quantities of oxalacetate formed \vould 
be too small for detection. Their insults showed that in the 
presence of the enzyme a reversible exchange took place between 
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13 the C O2 of the meditim and the carboxyl carbon ad jacent to 
the methylene carbon of oxalacetate and that Mg++ was necessary 
for this reaction. 
They also found that starting with oxalacetate obtained 
from the oxidation of fujiiarate;^ a greater exchange occurred 
1 ''i between the labile carboxyl group of oxalacetate and the C 
of the medium, indicating that this "physiological" oxalace­
tate was different from the ordinary chemical form. Ho ex­
change occurred in the other carboxyl group of oxalacetic acid 
and also little or no exchange took place in the absence of 
the enzyme. Thus, these results constitute the first direct 
evidence that oxalacetic acid is a component of the fixation 
reaction and that the reaction COg + CE^.CO.CODE EOOC. 
CI^*CG-COOH is reversible. 
The fact that no C -Eras found in the other carboxyl 
group of oxalacetic acid was evidence against th© occurrence 
of a dynamic equilibriiim involving a shift of the hydroxyl 
group of enol-oxalacetate, as proposed by Meyerhoff {1941)* 
No exchange occurred during the oxidative decarboxylation of 
pyruvate or a-ketoglutarate-, nor did pyruvate derived from 
lactate show exchange. Evans (1942), using yeast carboxylase, 
found no exchange of with pyruvate, and Buben and Kamen 
(1940) also considered this same reaction irreversible. 
However, Carson ^  have recently stated that a very small 
1 1 
amount of C Og is utilized by carboxylase preparations in 
the presence of acetaldehyde and COg. Therefore, in vie"w of 
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the results on enzpnatic exchange obtained by these investiga­
tors, the results of Kracipitz ^  al« (1943) are further evi­
dence of the validity of the fixation reaction as proposed by 
Wood and Wericjnan. 
Oxalacetic acid or probably a phosphorylated form is the 
key intermediate in the fixation reaction. Up to the present 
time, however, no one has demonstrated the actual formation of 
oxalacetate from pyruvate and COg. The results of Srampitz 
et al. {194S) in demonstrating a slight carboxylation during 
the decarboxylation of oxalacetate is the first direct evi­
dence that oxalacetic acid may be a component of the fixation 
reaction. Also the fact that physiological oxalacetate, re­
sulting from fumarate oxidation, was more stable and gave higher 
1 ^  
exchange values with C leads to the belief that the oxalace­
tate concerned in the fixation reaction is different fron the 
chemically synthesized compound• 
In the opinion of some investigators (Krebs, 1945), the 
conclusion that pyruvate is converted to oxalacetate during 
the fixation reaction is considered inescapable, and is based 
on the following facts, obtained from work done lerith pigeon 
liver: the substances arising from pyruvate in pigeon liver 
are the same as those formed on addition of oxalacetate; 
since both pyruvate and oxalacetate form fumarate, malate, 
succinate, a-Isetoglutarate, and citrate in the same definite 
proportions, the simplest explanation involves the formation 
of oxalacetate by carboxylation of pyruvate. This explanation 
is supported by observations that the rate of pjrruvate rei-soval 
and a-ketoglutarate rorr.:atiorL are dependent on the concentra­
tion of bicarbonate and C02« The instability of oxaiacetate 
and its rapid cissiiilation lead Erebs to the conclusion that 
"the prospects of a successful isolation of the ozalacetate 
forjned by the ^ ixation7 reaction are very slight, if not nil." 
Block and Barron (Barron, 1S43) attempted to orient the 
metabolism of pyruvate toT.'ard the fornsation of oxalacetate by 
increasing the COg tension and decreasing the teniperature to 
20^03 to avoid oxalacetate decomposition. Although there -was 
vigorous pyruvate utilization in liver slices of rat and pigeon, 
no cxalacetate is'as detected. 
In the present report, after at least two mechanisms for 
COg-fixation and the formation of succinic acid were demon­
strated, attempts were made to prevent the reduction of any 
possible oxalacetate formed during the fixation reaction, and 
thereby cause it to accumulate in order to demonstrate its 
occurrence. Viith the citrate-aniline method, and a colorimetric 
method, definite tests itifere obtained for the formation, from 
pyruvate and of a compound resembling oxalacetate. The 
amounts of oxalacetate (or its derivative) detected, although 
quite small, were found to vary -Eith the concentration of 
enzyme and pyruvate, and the presence of carbon dioxide T.'as 
found necessary for its formation. 
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METHODS 
Growth Media 
In the work preliminary to obtaining cell-free juices 
active in the dissiinilation of glucose, Sscherichis coli (26) 
was grown in 10-liter quantities of the following medium: 1^ 
glucose, 0.4:^ peptone, 0.8^ KgHPO^, and 10% tap water. The 
enzyme preparations which were active on pyruvate were obtained 
from E. coli grown in 10 liters of a medium containing O.Z% 
beef extract, 0*3% peptone, 0,3% yeast extract, 0»2% IJaCl, lOJ^ 
tap water, plus distilled water to volume. The 24-hour growth 
of cells on a nutrient agar slant was washed off with sterile 
water, and this suspension ixsed as an inoculum. The inocu­
lated medixjm was continuously and strongly aerated for 24 to 
56 hours at 30*^ C, and a small amount of octadecyl alcohol was 
added to prevent excessive foaming of the medium caused by 
strong aeration. There was very little growth in this medium 
in the absence of aeration. Furthermore, strong aeration was 
desired (Yudkin, 1932) so that the resulting cells would not 
contain the enzyme hydrogenlyase; formic acid would not 
be broken down to CO2 and 
The cells were harvested by centrifugation in a Sharpies 
supercentrifuge, run at about 35,000 revolutions per minute. 
The yield was usually between 10 and 25 grams of cells per 
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10 liters of rnediim* Attempts to increase the yield by varying 
the concentrations of the constituents failed. E. coli, when 
groiwn in a sugar medium^ produces little or no succinic acid, 
and for this reason, sugar was not used. The yield is not 
appreciably increased when the cells are allowed to grovv- for 
more than 50 hours. However, it was foimd that the nutrients 
in the jcediuia were not exhausted after growth had taken place, 
for on re-sterilization and re-inoculation, a second crop of 
cells of approximately the same weight as the first, was 
harvested. 
The Enzyme Preparation 
The cells (wet weight, as obtained from the Sharpies 
Centrifuge) were mixed with powdered glass, obtained by grind­
ing small, clean pieces of Pyrex glass in a ball mill contain­
ing steel balls. The powdered glass was then passed through 
a set of sieves, which prevented glass particles larger than 
1/2 mm. in diameter from passing. The average size of the 
glass particles was about two microns. The original method of 
grinding bacteria with powdered glass, using a mortar and 
pestle, was developed by Wiggert et aX. (1940) and since then 
has been further developed in this laboratory, as described 
below. To every gram of wet cells, two grams of ground glass 
were added, and the resulting cell-glass paste mixed imtil it 
resembled a rather firm batter. 
The cell-glass paste was then gromd by being gently 
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forced between two close-fitting ground-glass cones. The 
inner cone was attached to a strong motor and rotated steadily 
at approximately 150 revolutions per minute, while the outer 
cone was held in a fixed position. A short piece of thick 
rubber tubing served as a connection between the inner cone and 
the rotating shaft of the motoi^ and gave the system the flexi­
bility necessary to achieve intimate contact between the two 
ground-glass surfaces, v^ith inuch less danger of breakage. The 
grinding surfaces were cooled by filling the inner cone with 
crushed ice. 
The grotand material was collected in a beaker surrounded 
by crushed ice, and extracted by thoroughly mixing it with 
0.2 M. phosphate buffer (pE 6.82-6.88) or, in a few experi­
ments, with distilled water. One and five-tenths milliliters 
of extract buffer or water was added for every gram of wet 
bacterial cells originally employed. 
The glass and larger cell particles were thrown down by 
centrifugation on an International or angle centrifuge at 
approximately 5,500 revolutions per minute for five minutes. 
The supernatant liquid was further clarified in an air-driven 
Beam^s ultracentrifuge (Beams, 1930) at 60 to 64 poxmds air 
pressure, rotating at approximately 75,000 to 100,000 revolu­
tions per minute. The cell fragments were deposited on the 
wall of the rotating cup, and the clear liquid was removed 
from the center of the cup by means of a capillary pipette. 
Centrifugation for ten minutes generally gave a clear juice. 
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The final enzjine preparation generally was a clear, 
yellow-brown liquid, slightly viscous and opalescent. 
Preparations obtained from ceils groivn on the solid agar 
mediiaa of Krebs (1937) had only a weak activity and did not 
have as much color or viscosity as the juices obtained from 
cells grown in liquid culture. The latter organisms seemed 
less resistant to grinding and consistently yielded stronger 
enzyme preparations. 
Manometrie Methods 
The conventional Barcroft-liarburg apparatus was used in 
most of the experiments. The following are some examples of 
the use of the Y/arburg apparatus: (1) small-scale fermenta­
tions, in which only pyruvate dissimilation and CO2 evolution 
were to be determined^ (2) quantitative measurement of CO2-
fixation, Og consumption and Eg uptsike; (3) determination of 
the activity of enzyme preparations and the optimum conditions 
for such activity; {4} determination of the presence of dif­
ferent enzyme systems in the preparation and components of the 
systems (after dialysis). In general, 0.8 ml. of the enzyme 
preparation, plus buffer, was placed in the main chamber of 
each flask* The substrate was placed in one sidearm, and any 
other constituent of the reaction mixture was placed in the 
other sidearm of the vessel. YJater was added to bring the 
total volume to 2.0 or 2.3 ml. When it was necessary to absorb 
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evolved COg, 0.5 ml. of 20% ]?aOH was placed in the alkali 
chamber of the Warburg flask;, plus folded filter paper to 
increase the absorbing surface. The air above^the liquid in 
each flask was replaced -v^ith the required gaseous atmosphere. 
After temperature equilibration, readings -were taken and the 
substrate tipped into the main chamber containing the enzyme. 
The enzyme preparation had very little endogenous activity, 
but to check analytical procedures, controls -were always r\in. 
All es^jeriments were carried out at 30.4° C. 
Large Scale Fermentations 
When complete fermentation analyses were to be performed, 
the experiments -were carried out in one of two ways: (1) in 
a 125-ml. two-sidearm flask containing 30 ml. of reaction mix­
ture attached to a Warburg manometer to follow the course of 
the enzyme action, or (2) in a stationary 300-ml. Erlenmeyer 
flask connected to a condenser and then to a bead tower con­
taining 15 ml. of 1.5 K C02-free HaOE. The air above the 
fermentation 'was displaced with COg-free Eg# and the whole 
system put under a slight negative pressure* In this way, all 
the COg liberated during the course of the experiment was col­
lected in the bead tower containing the JFaOH. The Erlenmeyer 
flask contained approximately 70 ml. of reaction mixture, and 
the experiments were carried out at 30° C» 
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Analysis of Perm&ntation Liquors 
Pyruvic acid 
Residual pyruvate from large or small scale fermentations 
was determined colorimetrically by the salicylaldehyde method 
of Straub (1936). The fermentation mixture {or the contents 
of a Warburg flask) was acidified with sulfuric or trichlor­
acetic acid and diluted so that one inilliliter contained not 
aore than 0»5 iiig» of pyruvic acid. The proteins were filtered 
off, and to one milliliter of the unknown, 1.0 ml. of KOH solu­
tion (100 gm. KOE 60 gm. BgO) and 0.5 ml., of salicylaldehyde 
solution {2% salicylaldehyde, by volume, in 100 ml. of 9b% 
alcohol) were added; the contents were mixed thoroughly and 
kept in a water-bath at 57° C for 10 minutes. The contents of 
the test tube were then cooled to room temperature, centri-
fuged off from any KgSO^, and read "Bithin an hour in a Klett-
Summerson photoelectric colorimeter with the 470 m^. filter. 
Heagent controls and knovm pyruvate samples v/ere run with each 
test. Acetaldehyde and acetone x'srill interfere with this test. 
The pyruvic acid used was freshly distilled under vacuum. 
The second fraction "was collected and kept in the crystalline 
fo2?a under refrigeration. Solutions of sodium pyruvate were 
\' 
kept frozen "when not in use. Pyruvate kept in this "way for 
several months was 80—90^ utilized by the enzyme system. The 
yield of sodiium pyruvate when prepared according to Peters 
(1938) was low but was completely utilized; "cfhereas with the 
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method of Robertson (1942) sodloam pyruvate was easily prepared, 
but the enzyme system utilized this sodium pyruvate only to a 
verv limited extent. 
</ 
A qualitative colorimetric method ims used for the detec­
tion of pyruvate in the volatile acid distillate during fer­
mentation analyses. Pyruvic acid is volatile vjith steam to 
some extent, and two or tliree steam distillations of the vola­
tile acids •were sometimes necessary to remove it. To determine 
whether pyruvic acid has effectively been removed, t-s70 milli­
liters of the volatile acid fraction were saturated with 
ammonium sulfate. Pour drops of a 2^ sodium nitroprusside solu­
tion were added, plus 1.0 ml. of conc- A blue color 
indicated the presence of pyruvic acid (Simon and Piaux, 1924). 
Other keto acids, such as a-ketoglutaric and oxalacetic acid, 
•srill give different color reactions. 
Volatile acids 
For the determination of volatile acids, the fermentation 
was neutralized, evaporated to ten milliliters, acidified to 
Congo red, and fifteen volumes steam distilled. The distillate 
was refluxed, an aliquot removed and titrated for total vola­
tile acids with 0.05 K IfaOH. 
Formic acid was determined qualitatively by neutralizing 
two milliliters of the volatile acid distillate i&'ith HE^OE. 
Then, a few drops of were added, and the solution heated 
in a steam bath for five minutes. The formation of a silver 
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mirror v^as a qualitative test for the presence of forisic acid. 
Quantitatively, formic acid vjas deterrsined on an aliquot of 
the volatile acid fraction loj the reduction of HgCl2 to 
according to the saethod of Auerbach and Zeglin (1922), or by 
oxidation with HgO according to Osbum et a^» (1953). In the 
latter method, the oxidation is carried out in a 300 ml., 
Erlenaeyer flask connected to a reflux condenser and then to 
a bead tower containing fifteen ml. of COg-free ITaOH. The 
whole system is placed under a slight negative pressure. 
Formic acid -was oxidized to COg and the CO2 was collected in 
the sodium hydroxide bead tower. An aliquot of the KaOE con­
taining the GOg fz'om the formic acid was then acidified, and 
the liberated COg determined manometrically, or gravimetric-
ally by absorption in an ascarite tube. 
After oxidation, the EgO was filtered off, the solution 
neutralized, evaporated to ten or fifteen milliliters, acidi­
fied, and fifteen volumes steam distilled. This fraction con­
tained the acetic acid only, the formic acid having been re­
moved, as described above. Acetic acid was identified by the 
partition method of Osburn et al. (1953) and ^as quantitatively 
determined by titration, and by oxidation to COg •with persul-
fate (Osbum and Workman, 1952). The COg was collected and 
determined as described above. 
Non-volatile acids 
The residue of the steam distillation was extracted con­
tinuously with ether for twenty-four hours. The ether was 
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removed by distillation after the addition of a small amount of 
water. This fraction contained the succinic and lactic acids. 
Succinic acid -ssras determined either as the silver salt or 
vi'ith succinic dehydrogenase preparations obtained from beef 
heart. In the fonaer method, an aliquot of the ether extrac­
tion was titrated to a faint pink to phenolphthalein v/ith 0.05 W 1 
Ba{0H)2 to remove any phosphates that may have been present. j 
Any precipitate that formed was discarded by filtration. The I 
solution ^ -as made just acid to phenolphthalein with 0.1 H | 
I 
and then just alkaline \vith 0.1 N IIE^OE. Add 5 ml. of 10^ 
AgKOg solution to the mixture^ Allow it to stand for 15 minutes, 
filter, wash and dry at 110*^ 0 for one hour in a Gooch crucible. 
This procedure also precipitates other dicarboxylic acids, and 
is therefore not applicable if they are present. 
If pyruvic acid is present in large amounts, the silver 
salt blackens* In this case, succinic acid is usually deter-
1 
I 
mined as the barium salt. After the extract is titrated with I 
I 
Ba(0E)2 and filtered if necessary, it is evaporated to 10 ml. | 
I 
and sufficient ethyl alcohol added to make the concentration | 
85%, The mixture is held in the refrigerator overnight. The | 
j 
precipitate is then filtered and washed with 95% ethyl alcohol, | 
1 
dried, and v^eighed. | 
When malic acid is present, its precipitation as the | 
i 
silver salt is not quantitative if the dicarboxylic acid solu- | 
I tion is neutralized to phenolphthalein, and then the AgHOg | 
solution is added. Therefore, in some instances, 5 ml. of 10^ | 
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AglOg was added to 25 ml. of the dicarbcsylic acid solution 
and the pE adjusted to a purple color to "brom-cre3ol-purple 
^ith 0.5 K NH^On (Wood et 1S42). At this reaction the 
silver salts are quantitatively precipitated. 
In pyruvate fermentations with the enzjne preparation, 
succinic acid vras practically the only dicarboxylic acid 
formed as determined by the use of a succinic dehydrogenase 
preparation, according to Krebs (1957) and by the use of the 
horrsogenizer described by Potter and Elvehjen (1S35). Beef 
heart tissue freed from fat and connective tissue is put 
through a grinder and then washed in cold Vv'ater until the 
washings are colorless. This procedure usually requires seven 
to eight washings. The tissue is hon^ogenized vjith a homogen-
izer xnade entirely of glass. The end of a glass rod is blown 
uatil the bulb fomed just fits the inside of a pyrex test 
tube. The rod is rotated by a motor. Approximately 4 ml. of 
pE 7.4 phosphate buffer are placed in the test tube plus a 
small piece of the tissue. The glass pestle is them gently 
forced up and doim. in the tube until the tissue is completely 
homogenized. The homogenized solution is then adjusted to 
the desired concentration and allowed to stand in the refrig­
erator for about two hours. The activity of the suspension 
generally is some-5?hat increased during this period. 
As far as is Idovm, aaly four substances are oxidized by 
succinic dehydrogenase preparations; succinate, methyl suc­
cinate (Thunberg, 1953), a-glycerophosphate (Green, 1936a), 
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1 
I 
and d(-) glutamic acid (Weil-Malherbe, 1937). The rates of j 
oxidation of a-glycerophosphate and d(-)glutainic acid are very 1 
j 
slow, and neither of these compounds is extracted v;ith ether, s 
1 
The rate of oxygen uptake of succinic dehydrogenase preparations j 
on methyl succinate is about 0.5^- to 3^ of that of succinate j 
oxidation. Since co-enzymes are not extracted "by ether, and | 
since these are not present after the heart muscle is washed, | 
the activity of this preparation is,specific for succinate. | 
The succinic dehydrogenase preparation was tested on many dif- I 
ferent substrates, including ethyl alcohol, acetate, formate, | 
[ 
1 
lactate, pyruvate, glycerol, glucose, hexosediphosphate, fumar- | 
ate and succinate, ITo activity was observed except v;itb succin-j 
ate, vjhere there -was a quantitative oxygen uptake. For example, | 
0.2 ml. of O.IM. succinate (0.02 miti,) in a Vv'arburg cup, plus 
0.5 ml. of the succinic dehydrogenase preparation and water to 
a total volume of tv/o milliliters whould take up 224 !|l. of Og, ^ 
on the basis that 1 mM. = 22,400 jil. Therefore 0*02 mM. equals 
448 [j,l. of succinate, and 2 mM. of succinic acid take up 1 mM. 
of oxygen. Controls must be run» 
Lactic acid was determined according to Priedemann and 
Graeser (1933) on the aliquot of the ether extraction, after 
i 
the silver succinate had been filtered off* j 
Carbon dioxide • | 
The small amounts of COo evolved during the fermentation l 
1 
of pyruvate were collected in a bead tower containing COg-free j 
i } 
i 
i 
I 
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laOE solution, and determined manometrically- or gravimetric-
ally, as described above. Sfo Sg was formed during pyruvate 
fermentation with this juice, since the small amount of gas ' 
formed from pyruvate in the absence of bicarbonate was com­
pletely soluble in HaOK. 
Carbon recovery and O/R indes 
The accuracy of the fermentation analyses was checked by 
the carbon recovery and the o/R index. 
The amount of carbon recovered was determined by multiply­
ing the mM. of each product of the fermentation by the number 
of carbon atoms in each product and adding the values obtained 
to give the total mI4. of carbon in the fermentation products. 
This total value was then divided by the millimoles of sub­
strate fermented multiplied by its number of carbon atoms. The 
product obtained, times 100, expresses the per cent of carbon 
recovered. 
Oxidation-reduction indexes were calculated according to 
Erb, IVood and Werkraan (1936), This index is based upon the 
fact that in an anaerobic experiment, the only source of 
hydrogen and oxygen, in addition to substrate, is water. These 
two elements exist in water In a ratio of 2:1. In calculating 
the results, a moleciile of hydrogen is assigned a reduction 
value of +1? the oxygen atom, an oxidation value of -1. The 
number of oxygen atoms in a compound, times (-1) plus the 
number of hydrogen molecules, times (fl), equals the oxidation 
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(-) or reduction (f) value of the compound. Por example, 
acetic acid (chg.cooh), lactic acid (ch5.choh.coce) and water 
{3^0) are neithe,r oxidized nor reduced. Formic acid (ecooe), 
succinic acid (cooh.cb^.g^.cooh), and pyruvic acid (ce5.co. 
cooe) have oxidation values of one, and cog has an oxidation 
value of two. Since there is an equivalent reduction for each 
oxidation, the ratio of hjdrogen molecules to oxygen atoms in 
the final products should be the same as in the original sub­
strate. An o/R value in excess of one indicates a deficiency 
of reduced products or an excess of oxidized products, and 
vice versa. 
Since pyruvate is an oxidized substance, and all the prod 
ucts formed are neutral or oxidized, the o/r indexes were cal~ 
culated by multiplying the mM. of each product by its respec­
tive oxidation or reduction value, and dividing this total 
value by the ciM. of fermented substrate tiaes its oxidation 
value, and multiplying by 100. 
Dialysis 
Dialysis of the enzjme preparation was carried out in a 
collodion bag against distilled water at approximately 5*^ c. 
The dialyzing apparatus'"' consisted of three parts: (1) a 
motor rotating a glass rod to ^ shich the collodion bag was at­
tached with heavy thread, and sealed off vrith collodion; the 
"^"originally constructed by Dr. ffi. F* Utter. 
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glass rod extended into (2) the dialyzing chamber at an angle 
of about 45*^; the capacity of the dialyzing chamber was approx-
iiaately 1500 ml.; it was connected to (5) a reservoir with a 
10-liter capacity, containing distilled water and ice cubes. 
The -Eyater was pumped from the dialyzing chamber into the reser­
voir and allowed to flow back to the dialysis chamber by 
gravity. 
Drying 
The bacterial Juice was dried by first pouring a small 
quantity into a petri dish, freezing quickly by putting it in 
the refrigerator, then evacuating the frozen enzyme prepara­
tion in a desiccator containing CaClg. Without freezing the 
juice first, the dried product had practically no activity on 
pyruvate. The dried Juice gradually lost almost all of its 
activity within a period of two months, even though kept at 
5° C. 
Determination of Oxalacetic Acid 
Oxalacetic acid was determined according to the aniline-
citrate method of Edson (1955) and the colorimetric method of 
Straub (1956). In the former Triethod, generally the procedure 
•was as follows. The juice plus buffer and -water were placed 
in the main chamber of the Warburg cup, the substrate in one 
side arm, and 0«5 ml. of a 50% solution of citric acid in the 
other side arm. After the substrate had "been tipped into the 
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main ciianbor and the reaction allowed to proceed, the citric 
acid was tipped into the main chaiaber to stop the reaction and 
liberate all bound COg* The azanometers were shaken until all 
the bound CO2 had been evolved (generally 5 to 15 lainutes, 
depending on the amount of bicarbonate or COg originally pres­
ent). The manometers Tsrere then taken off the bath, and 0.4 ml. 
of a Isl mixture of citrate-aniline quickly added to the side 
arm originally containing the citric acid. The .manosieters 
vrere then quickly replaced on the bath, the contents of the 
cups allo'rfed to come to temperature equilibrium (3 to 5 min­
utes), readings taken, and the citrate-aniline tipped into the 
main compartment of the cup. The side arm containing aniline 
is quickly rinsed by the contents of the main chamber. The CO2 
evolved originates from the carboxyl group adjacent to the 
methylene group of oxalacetic acid* The remainder of the 
oxalacetate molecule unites -Bfith the aniline to form 
pyruvanilide-
Ov;ing to the general instability of oxalacetate, espe­
cially at acid reactions, this determination must be carried 
out as quickly as possible. However, care must be taken that 
all the COg is driven off from, the medium and the cup has 
reached temperature equilibrium before the citrate-aniline is 
tipped into the center well. 
Controls are necessary, and if run correctly, generally 
give slightly negative or zero values for oxalacetate. If the 
aniline is added to the side arm of the Ifi/arburg cup immediately 
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after the acid is tipped and before all the CO2 has been evolved, 
the citrate-aniline solution seems to absorb some CO2 from the 
atmosphere, and when tipped into the acid solution in the main 
chamber, GOg is evolved. If the controls give a positive 
result, the test is worthless because of the saiall amounts of 
oxalacetate fomed from pyruvate. However, if the aniline is 
added after all the CO2 has been liberated from the medium, 
the test can be adapted to detect small quantities of oxal-
acetic acid. 
Straub's colorimetric method was used to check the forma­
tion of oxalacetate from pyruvate and COg. The reagents em­
ployed were (1) a hydrazine solution made up by dissolving 
3.5 grams hydrazine hydrochloride in 30 ml. water, then adding 
100 ml. of ethyl alcohol; (2) a saturated HaKOg solution; 
(3) a KOH solution made up by dissolving 100 grams KOH in 60 
ml. water. The contents of a Warburg cup (two milliliters) 
were acidified with 0.3 ml. of a 10^ solution of trichlor­
acetic acid. The solution was then quickly filtered through 
a Whatman 42 filter, into a test tube containing 1.4 ml.' of 
hydrazine reagent. A little suction was applied to speed up 
the process and to obtain as much as possible of the original 
cu'D contents for the test. Generally, about 1.8 to 1.9 ml. of 
liquid was obtained from the original cup contents Ox 2.3 ml. 
After filtering into the hydrazine, the mixture was shaken, 
warmed at 57® C for fifteen minutes and cooled in ice water 
for three minutes. Then 0.1 ml. of HaUOg solution was added. 
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the mixture shaken, and five minutes later, one ml. of KOH 
solution was added. If oxalacetate is present, a yellow color 
develops. The contents of the test tubes iE?ere read in a KLett-
Suncnerson photoelectric colorimeter with the 420 ia^» filter. 
Sjiossn amounts of oxalacetate "were run, and the values plotted 
in a curve. Control cups had exactly the same contents as the 
experimental cups, but the pyruvate and acid vere tipped 
simultaneously into the center well containing the Juice. The 
controls had a small blank reading, due to the retention of 
some of the original color of the Juice. Control values "were 
subtracted from those of the experiniental cups. 
Preparation of Heavy—Carbon Bicarbonate" and Acetate 
C^^Og "was obtained by burning methane whose C^® content 
had been concentrated in a thermal diffusion column according 
to Hier and Eardeen (1941)» The C^^Og was collected in MaOH 
and then precipitated as BaC^^Og. The BaC^^O^ was acidified 
with 5 2J HgSO^ in a closed system under a vacuum, and the 
C^^Oo "was collected in an equivalent amount of K carbonate-
free IfaOE. 
•a 12 
Acetic acid containing an excess of C in the carboxyl 
group was prepared according to the following reactionss 
^Prepared by Dr. E. G. Wood. 
CHgl 4- Mg 
CE^Mgl + 
CH^.C^^OOMgl t EgO 
^ CEg»MgI 
^ CEg.C^^OOMgl 
CH^.C^^OOH + MglOE 
13 Determination of C Content of Fermentation Products 
In order to deter-nine the content of the coiapounds 
isolated from fermentations to which the isotope was added in 
13 T % 
the form of KaHC O5 or GEg-C OOH, it was necessarj'- to convert 
these coBipotmds to COg. 
Formic acid was oxidized to COg v/ith HgO. (Osburn et al., 
1953). Acetic acid was oxidized to COg vvith persulfate, 
according to Osbum and Werkman (19S2). Succinate was converted 
to a isixture of fumarate and malate by zneans of a succinic 
dehydrogenase preparation. The malate was then oxidised with 
KlnO^ to acetaldehyde which was collected in a bisulfite bead 
toTffer> plus 2 COg collected in an I-TaOE bead tower. The two 
carbon dioxide molecfules originate from the tvvo carboxyl groups, 
and acetaldehyde from the rjethylene groups of the original 
succinic acid (?/ood 1941b)« The acetaldehyde was fur­
ther oxidized to COg with potassium persulfate (Osbum and 
Werkman, 1932). Lactic acid was oxidized •with ESvInO^ 
(Priedeman and Graesser, 1933), which converted the carboxyl 
group to carbon dioxide, and the rest of the molecule to 
acetaldehyde* The carbon dioxide and acetaldehyde were col­
lected as described above. The acetaldehyde "^^as further oxi­
dized to carbon dioxide with persulfate. 
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1 % The C*" content of the carbon dioxide samples was deter­
mined by mass spectrometer analysis, according to Nier (1940). 
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EXPERISIEI?TAL 
Factors Affecting Preparation of an Active 
Bacterial Enzyme System 
Bacterial enzyme preparations were obtained in this lab­
oratory according to a method developed by Wiggert et al. (1940). 
Bacterial cells were mixed with finely ground pyrex glass^ 
ground in an iced mortar and pestle, and extracted with phos­
phate buffer. In attempts to improve the methodj, the effect 
of grinding time, grinding agents, and ratios of cells to 
grinding agent on the production of an active bacterial juice 
Tjras studied* 
Grinding time and grinding agents 
Experiments v^iere conducted to dete^nine the comparative 
values of glass and carborundizm (Alloxite brand powder, Eo, 1000 
and finer) as grinding agents in obtaining active preparations 
from E. coli« The cells -were grown in five liters of glucose 
broth, and the activities of their enzyme preparations were 
tested on glucose and hexosediphosphate. A summary of some of 
those results is presented in T'abie 1. It can be seen that 
generally glass is superior to carborundum as a grinding agent 
under the conditions of the experiment. Grinding the cells 
for one minute did not result in as active a juice as -^hen the 
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cells xvere ground, for three minutes. However, grinding for 
five minutes seemed to destroy some of the activity of the 
preparation. 
Table 1. Effect of grinding time and 
agents on activity of juice 
different 
obtained 
grinding 
from E. coli. 
Grind­
ing 
agent 
Eatio'" of 
cells to 
grinding 
agents 
Grind­
ing 
time 
(min.) 
X^l. COg 
evolved 
per 
hour 
Average 
^1. COg 
oer hr. 
glass 1:8 1 154 
155 
162 
164 
3 221 
259 
278 
246 
5 167 
217 192 
carbor­
undum 
1:8 1 98 
102 
104 
101 
5 84 84 
5 77 
88 85 
Ratio according to weight (grams). 
Each cup contained: bacterial juice (in side aria), 0.6 ml.} 
glucose, 0*04 M.; hexosediphosphate (1.25^), 0.4 ail.; SaECOg, 
0.06 M.; total volume, 2.0 ml.; atmosphere, CO2; temperature, 
30.4^ 0; time, one hour; substrates previously saturated with 
COo • 
Hatio of cells to grinding: agients 
¥i/e were not sure that the grinding was being carried out 
under optimum conditions. Perhaps, if conditions -were changed 
carborundyan might be superior. Therefore, varying ratios of 
cells to glass and cells to carborundtan -were mixed and ground 
to see what-effect different experixnental conditions might 
have on the activity of the enzyme preparationa obtained. More 
active preparations (Table 2) ware obtained when the ratio of 
cells to grinding agent was reduced from 1:8 to 1:3, for both 
glass and carboriandusi. Glass was still a superior grinding 
agent. In another experiment, further coiaparison v/as aade 
between 1:5 and 1:2 cell-glass ratios. The 1:2 ratio yielded 
a slightly laore active juice (Table 2). In this instance, 
harder grinding probably produced a more active preparation, 
compared to previous results. It -would seeia that the presence 
of more glass would give better grinding results and more 
active preparations, but, experimentally, the opposite v;as true. 
Cell coimts of enzyme preparations 
Inasnuch as the enzyme preparation was not actually free 
of cells, the next step via.s to determine ishat part of the 
activity of the bacterial juice -aras due to the presence of 
living bacterial cells. Previously, it had been determined 
(Utter, 1942) that approximately 45 million cells had to be 
added to a Juice before an appreciable increase in activity 
could be noted on the respirometer. The effect observed under 
these conditions increased progressively. This increase -ssas 
not observed with the bacterial juice. 
Using suitable dilutions, and aseptic techniques, a 
series of plating experiments usere carried out with several 
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Table 2, Effect of varying ratios of cells to grinding 
agents on activity of enzyme preparation 
obtained. 
Grinding 
agent 
Ratio—cells: 
grind ing 
agent 
uiL. COg 
evolved 
per hour 
Average 
COg 
per hc^ 
carborundum 1:1 99 
84 92 
1:3 216 
255 
274 241 
1:5 99 
113 
151 121 
1:8 84 84 
glass 1:5 531 
393 
410 378 
1:5 265 
267 
285 272 
1:8 254 
259 
277 257 
glass 1:5 520 
504 512 
1:2 553 
551 552 
5IGTE: Each cup contained; juice, 0.6 inl».j glucose, 0.04 H.; 
hexosediphosphate (2.5^), 0.2 nil.: KaHGO^j 0.06 H.; 
total volume, 2 ml.; atmosphei-e, CO2; time, 1 hour5 
temperature, 50.4° C. Substrates previously satu­
rated with COgo Grinding time, 5 minutes. 
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bacterial enzyme preparations. The petri dishes contained 
nutrient agar, and -were read at 24- and S6-hour intervals. It 
was found that the bacterial juices ordinarily contained 50,000 
to 500,000 organisms per milliliter. According to the results 
obtained by Utter (1942), this number was not enough to appre­
ciably affect the activity of the juice. 
One cell-glass mixture was ground in lO-gram batches, and 
two other mixtures \«;ere groimd in 8-gram batches* The glass 
was then centrifuged off, and the preparations were given vari­
ous treatments on the Beans ultracentrifuge. The juices were 
all centrifuged on the Beams in the large cup for six minutes 
at 64 pounds air pressure. The resulting liquids ^eve not 
quite clear. They were frozen and again centrifuged for six 
minutes. One milliliter of the clear liquid was plated and 
0,8 ml. tested for activity on the respirometer. Half of one 
preparation was centrifuged a third time on the Beams in the 
small cup, for two minutes at 64 pounds pressure and also was 
plated and tested for activity. The results are presented in 
Table 5. It was found that when the cell-glass mixture was 
ground in 10-gram batches, the grinding process was not so 
efficient as when the mixture was ground in 8-gram batches. 
The former preparation had an average cell count per milli­
liter of 330,000 to 450,000, while the count for the latter 
was 20,000 to 40,000 organisms per milliliter. There was only 
a slight difference in the activity of the two preparations. 
The preparation which was centrifuged a third time had a very 
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Table 3. Effect 
ration 
of cell count on activity of 
obtained from E. coli. 
enzyme prepa-
Treatment 
of juice 
Activity 
(/iLl. COg/hr.) 
Average 
COg/hr. 
Crganisms per 
ml. of juice 
1010 
1100 
1060 1060 
330,000-
450,000 
936 
1028 
1012 992 20,000-
40,000 
868 
827 847 
3,000-
30,000 
*5v 
Cell-glass mixture ground in lO-gram "batciies; 4.5 ml. cen-
trifuged on Beams for six minutes at 64 pounds pressure; 
frozen, eentrifuging repeated. 
Ground in 8-graai "batches. Same eentrifuging treatment as 
in (•») above. 
""'Same treatssent as (-iHc-), plus a third centrifugation: 2 ml. 
of Juice centrifuged in small cup for two minutes at 64 
pounds pressure, 
NOTE: Each cup contained: bacterial juice, 0.6 ml.; glucose, 
0.04 M.; HOP (2*5^), 0*2 Eil.; HaECO^, 0.06 M.; total 
volixtae, 2.0 lal.; atmosphere, C0o5 time, 1 hr.; tempera­
ture, 50.4^ C. 
low cell count (3,000 to 30,000), and its activity was de­
creased froja approximately 990 to 850 Ml, GO2 per hour, as 
tested on glucose and hexosediphosphate. Thus it v/as deter­
mined that the activity of the enspne preparation was due to 
the cell-free material present, and that isrith careful handling 
the cell count of the juice could be kept well belov/ 50,000 
cells per milli3J.ter without affecting its activity. 
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The next phase of the prohlea was the preparation of a 
"bacterial enzyme system vjhicb v;ould utilize COg. From previous 
work in this laboratory, it was shown that CO2-utilization was 
connected v/ith succinic acid fomation {lii'ood and Werkman, 1938). 
Therefore, could obtain a bacterial juice "®hich Kould form 
succinic acid? 
Effect of growth media 
>, It has been shown that B. coli can utilize COg and fom 
succinic acid. It is also kno-am that coli organisms will form 
large founts of succinic acid from galactose or pyruvate, but 
very little from glucose (Krebs, 1937). The enzyme prepara­
tion described above prepared from cells grown in glucose 
broth was active on glucose but Ts-as found to be inactive on 
galactose or pyruvate. Preparations obtained from cells grown 
in glucose and galactose broth culture were still very active 
on glucose but only slightly active on galactose. When the 
cells -fflere gromi in galactose broth culture, the resulting 
preparation -was inactive on glucose or galactose. 
Since an active enz^e preparation \vhich 'vvould femzent 
galactose or pyruvate (and produce succinate) could not be 
obtained from cells grovjn in a glucose medium, further experi­
ments were designed with two purposes in mindi first, to 
determine the amounts of succinic acid produced by E. coli 
cells grown in various media, and secondly, to determine which 
of these batches of cells -arould lend itself to grinding and 
to the production of active juices. 
It can "be seen from the results in Table 4 that cells 
gro'^-n in different iriedia form different amounts of succinic 
acid from pyruvate. Thus cells grouoa on an agar-beef extract 
medium fom the largest amounts of succinic acid. The addi­
tion of glucose to this mediuin increases the yield of cells 
hut decreases the resulting succinic acid formed by these 
cells from pyruvate. Cells grornn in glucose medium form very 
small amounts of succinic acid. "zYhen the glucose meditun was 
kept alkaline at all times, the succinate did not increase. 
Thus, the agar-beef extract ijiediuis, originally described by 
Ilrebs (1937), seemed most favorable for the production of 
cells which "would foim relatively large amounts of succinic 
acid. Attempts rere made to obtain an enzjme preparation from 
cells groMi on this medium, but the cells seemed more resistant 
to grinding than the cells grown in glucose broth culture. 
The resulting juice was very thin, and had only slight activity 
on glucose, galactose, and pyruvate (approximately ZOxil. CO2 
evolved per hour). However, this was the first indication of 
a juice obtained from E, coli which had any activity at all on 
pyruvate. 
The liquid beef extract medium without aeration Tjas not 
practicable, since it yielded only 4 to 6 grams of cells per 
10 liters. Aeration increased the yield of cells to 15 to 25 
grams, and the resulting cells still formed appreciable quan­
tities of succinic acid from pyruvate (Table 4). A juice was 
prepared from E. coli cells groisn in this aerated liquid beef 
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Table 4. Variation in amounts of succinic acid produced by 
E. coll groVtfTi in various media. 
Mediuin 
aili Succinic acid 
per 100 luM 
Pyruvic acid 
fermented 
1. Agar, beef extract 19.2 
2. Liquid beef extract 12.6 
5. Liquid beef extract plus aeration 11.5 
4. llo. 5 plus glucose 8.9 
5. No. 3 plus glucose. kept alkaline S.4 
6. Glucose 4.2 
Media: 
Beef extract 1.0^ 
Xeast " 0.5 
Peptone 1.0 
KaCl 0.5 
Agar 3.0 
Tap H2O 10.0 
Beef extract 1.0^ 
Peptone 0.4 
Yeast extract 0.5 
ilaCl 0.5 
Tap S2O 10.0 
4. Same medium as Jio. 3^ 
plus 1% glucose. 
S. Glucose 1.0^ 
Peptone 0,4 
Distilled E2O SO.G 
E2EPO4 
Tap EgO 
0»8% 
10.0 
sterilized separatelj. 
extract mediuin (Ho. 3, Table 4). The juice Tsras inactive on 
glucose or galactose plus hezosediphosphate, but "roas extreir-ely 
active on pyruvate, 0»8 ml. of the Juice liberating over 
1000jLil. of GO2 within tivo hours (Table 5). The contents of 
three of the Warburg vessels Tsrere then acidified^ to precipi­
tate the proteins and to stop the reaction, and carefully 
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Sable 5^ Dissilllation of pyruvate and foriaation of 
succinic acid by enzjme preparation of Sacherichia 
coli. 
^1. CO2 Evolved miu Succinic acid formed per 100 12S of pyruvic 
acid fermented 
1008 
1150 
1200 6.07 {succinic dehydro­
genase method) 
1150 6.88 (silver salt raethod) 
1100 
iSOTE: Each cup contained: pyruvate, 0.044 M; ilaECOg;, 0»0S8 M; 
juice, 0.8 ml.J total volume^ 2,0 siL; at:aosphere, GO2; 
time, tTivo hours; temperature, 30.4® C. 
rinsed out. The fermentation liquid Tsfas then steam distilled 
to remove volatile acids, and the residue extracted v/ith ether 
over night. The ether extract was tested for the presence of 
succinic acid by two :rRethcds« The first one employed an 
enzyme, succinic dehydrogenase, specific for succinic acid to 
quantitatively determine the amount of succinate present by 
the corresponding uptake of oxygen in the conversion of the 
succinate to fusiarate. In the second method, the succinic acid 
was precipitated as its silver salt, and determined gravixaetric-
ally. Both methods showed that succinic acid was present 
(Table 5). 
Thus, an enzyme system had been prepared V7hich feraieated 
pyruvate and produced succinic acid. The next phase of this 
investigation was, therefore, devoted to studying the 
- 57 -
properties and coinponents of the enzyme preparation in the 
anaerolDic dissimilation of pyruvate, 
S"Q2sina3?y and conclusiona 
Glass, generally, is superior to carbonundiim as a grind­
ing agent for obtaining active enzyme preparations from 
bacteria, Optimun grinding times were determined, and it was 
fomd tliat extended grinding periods resulted in weaker 
preparations. The mixing of large amounts of ground glass with 
cells is not necessary for production of active juices. In 
fact, v.'ben the ratio of cells to glass by weight was lowered 
froEi 1:8 to the optimurs of- 1;2, more active preparations were 
obtained. By careful handling, the cell count of the prepa­
ration can be kept well belo^«r 50,000 bacteria per milliliter 
without affecting its activity. It was also demonstrated 
that the activity of the enzyme system "was not due to the 
small amounts of cells present, but to the cell-free enzymes 
present in the preparation. The effect of different grovv'th 
media on the production of succinic acid from pyruvate by 
E. coli cells and on the preparation of active juices from 
these cells was demonstrated. An active enzyme preparation 
-«as obtained, capable of ferraenting pymvate, ^ ^ith the pro­
duction of succinic acid. 
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I i Anaerobic Dissimilation of Pyruvate 
i i I 
Previous investigations on pyruvate with cell-free enzyme 
preparations froin bacteria have been largely limited to studies 
of the aerobic dissimilation. More recently, Silveriaan and 
i^erkman (1941) and Koeosell and Johnson (1942) have investi-
1 • 
I 
1 i 
i 
I I 
i 
i 
gated the anaerobic disiiimilation of pyruvate Tvith a cell-free 
preparation. Silverman and Werkman (1941) described an enzyme 
preparation obtained from Aerobacter by th'e glass-grinding 
method, -^rhich converted pyruvate into acetylmethylcarbinol 
and CO2. Koepsell and Johnson (1942) described an enzyme prep­
aration obtained froni Clostridium butylicum by alternate freez­
ing and thawingj v/hich converted pyruvate into acetic acid, 
CO2 and jnolecular hydrogen. 
The aerobic investigations are those chiefly of Lipmann 
(1939 for summary) and Still (1941). Lipman obtained ex­
tracts of dried cells of Lactobacillus delbrueckii which oxi­
dized pyruvate to acetate and C02* Still, using the Booth-
&reen mill, obtained a similar pyruvic dehydrogenase system 
from Escherichia coli. Both preparations, hov;ever, had almost 
no activity under anaerobic conditions® Therefore, it is the 
purpose of this part of the investigation to compare the 
xnechanism of anaerobic dissimilation of pyruvate by the Eo coli 
enzyme preparation iifith the mechanism of aerobic oxidation of 
pyruvate, as performed by extracts of L. delbrueckii and 
S. coli. In addition to the pyruvate enzyme, the preparation 
i — •• 
1 
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reported here contains very active formic dehydrogenase and 
hydrogenase activity. 
Optimal enzyme and substrate c one entrat i ons 
The enzyrae is active on pyruvate anaerobically and liber­
ates a large amount of carbon dioxide in bicarbonate buffer. 
In order to determine the effect of enzyme concentration on 
the dissisiilation of pyruva.te (Table 6)^ araovints of jxiice 
varying from 0.4 ml. to 1.0 ml. v/ere added to a series of 
Yvarburg cups whose contents Vf-ere identical in all other re­
spects. A very striking dilution effect was observed; i..je*j» 
there was little activity with 0.5 ml. of the Juice {BQAJl* 
evolved), whereas v;ith addition of 0.6 ml. of the juice, the 
CO2 evolution increased from 80^/1. to 862^1. The optimal 
aKiotmt of juice was found to be 0.8 ml., with no further 
increase in CO2 evolution on addition of larger amounts of 
Table 6.. Effect of enzyme concentration on dissirailation 
of pyruvate. 
Juice {ml.) CO2 Evolved 
0.4 17 
0.5 80 
0.6 862 
0.8 931 
0.9 881 
1.0 958 
l^OTE: Each cup contained: juice in indicated amounts? 
pyx-uvate, 0.035 M; SaECO ^  0.038 M; total vol\me, 
tT/o milliliters; atmosphere, ^^2^ time, three hours. 
Temperature, 30-4:® C. 
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the enzjme. Most of the GO2 was evolved during the first 
hour and a half, but the experiment was allowed to proceed 
for three hours in order to determine ^fhether there was an 
actual dilution effect, or v/hether with smller anoxints of 
enzyme, the rate of CO2 evolution was just slower. 
More than 1000>ll. of carbon dioxide are evolved in one 
hour by 0.8 ml. of the enzyme; the values depend on the amount 
of pyruvate present (Table 7), •which is never completely fer— 
aiented even in low concentrations. The limiting factor is the 
biological availability of the substrate. The enzyme system 
is easily satur-ated since concentrations of pyruvate beyond 
0.03 M have no appreciable effect on the rate of GOg evolved. 
Effect of gE ^  enzyme activity 
The ground cells were extracted with water, and phosphate 
buffer of a definite pE was added to each cup. After two 
hours the contents were deproteinized with trichloracetic acid 
and diluted to a convenient volume. Residual pyruvate was de­
termined on an aliquot containing less than 0.5 mg. per ml. 
The dissimilation of pyruvate (Table 8) proceeds within a 
range of approximately pE 5.8 to 8.0; the rate shews a marked 
change with pE bet-s^een pE 6.2 and 7.2 with the optimum near 
pH 6.8. In contrast to these results, the optimum pE of the 
aerobic mechanism of E. coll studied by Still was 6.17, with 
practically no activity at pH 7.0. The optimum for the 
aerobic mechanism of L. delbrueckii (Lipmann, 1939) isfas be­
tween 6.0 and 6.5, and that for CI. butylicum (Koepsell and 
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Table 7. Effect of substrate concentration on enzyme 
saturation in dissimilation of pyruvate. 
Cup Pyruvate Per cent 1. C O2 evolved 
no« concentration (M ) fermented 1 hr. 15 min. 
1 0.015 90.1 301 256 
2 0.050 91.7 530 318 
S 0.045 91.2 812 334 
4 0.060 85.7 828 
5 0.075 70.1 951 320 
6 0.090 65.9 1076 359 
IIOTEj Each cup contained: enzyme, 0.8 ml.; NaHCOg, 0,045 M; 
{Ko. 5 and SIo. 6, 0.06 M SaECOg); pyruvate, in indi­
cated concentrations. Total volume, 2 ml. Atmosphere, 
10% CO2 in ^ 2- Temp., 30.4® C. 
Table 8. Effect of pE on the dissimilation of pyruvate by ' 
the enzyme preparation of E. coli. 
pE 5.4 5.8 6.2 6.4 6.77 6.94 7.2 7.3 7.5 7-9 
Pyruvate 
fermented 0.0 0.42 3.38 4.01 4.33 3.96 2.37 0.90 0.85 0.42 
(mgs.) 
% Pyruvate 
fermented 0 8 64 76 82 75 44 17 16 8 
NOTE; Each cup contained: enzyme, 0.6 ml.; pyruvate, 5.28 
ings./2 ml. {0.03 M); phosphate buffer (0.25 M). Total 
volume, 2 ml. Time, 2 hrs. Atmos., Iv2* Temp. 30.4® C. 
Johnson, 1942) -eras 6.5. The preparation used in this investi­
gation retains almost 50^ of its activity at pE 7.2, whereas 
below 6.2 and above 7.2 there is a sharp decrease in the 
pyruvate utilized. 
- 62 
Effect of temperature 
The preparation is not affected by temperatures up to 
40° C for five minutes (Table 9). When heated at 45° C for 
five minutes, it becomes translucent, but no inactivation 
occurs. At 47° C some of the proteins precipitate, and the 
solution becomes opaque; but no loss in activity occurs, as 
judged by the pyruvate utilized. At 50° C the preparation 
still retains the greater part of its activity, and inactiva­
tion is only 6 per cent. Prom 50° to 55° C inactivation 
gradually increases to 87 per cent, and bet-ween 55° and 57° C 
activity is completely destroyed. 
The preparation obtained by Silverman and IVerkman (1941) 
from Aerobacter retained 6 to 7 per cent of its activity on 
pyruvate isihen heated for five minutes at 65° C. This stability 
correlates with the results of Melnick and Stem (1S40) who 
found that five minutes at 60° C reduced the activity of yeast 
carboxylase to 4 per cent. The present preparation is less 
stable to heat than those obtained from Aerobacter and yeast 
and is comparable to Still's aerobic pyruvic dehydrogenase 
preparation which is inactivated when heated to 55-60° G» 
Effect of drying 
The clear liquid 'was tested for activity, then frozen 
and dried over night in a vacuum desiccator. The dried 
material was then ground gently with a mortar and pestle and 
resuspended in its original volume of distilled water- There 
was no loss of activity in preparations tested after a few days. 
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Table 9. Effect of temperature on activity of the enzysie 
preparation. 
Temperature 
(5 23iin.) 
pyruvate 
fermented 
(mgs.) 
COp evolved 
Ui.) % Inactivation 
30° C 8.99 729 0 
o
 o C 8.99 714 0 
O t
o 
0 9.00 746 0 
47° C 9.09 690 0 
•50° C 8.46 594 6.2 
52° c 7,49 553 17 
53° c 4.18 332 54 
55° c 1.19 -49 87 
57° c 0.00 -56 100 
Control 
(no enzyme) 
0.00 -1 
HOTS: Enzyme heated for five minutes. Each cup contained: 
enzyme, 0.8 ml»| pyruvate, 10.56 mgs, (0.06 M); KaHCOg 
(0.045 M). Total volume in each cup, 2.0 ml. Atmos., 
10^ OOg in Eg. Time, 1 hr. Teiap., 50,4° C. 
For exaaple, 778 jU,l. COg -sere liberated by the liquid in one 
hour, and 799;UL1. GOg by the dried preparation. One batch of 
dried material Bas allowed to reiaain at 5° C for 53 days with 
a resulting sharp decrease in activity as tested isanotnetric-
ally (99/Ul.)* When the preparation was dried without first 
being frozen, it was completely inactivated* 
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Porroi ft debydro.g.enase and bydrog.enass activity 
The enzyme preparation contains very strong formic dehydro­
genase activity and reduces methylene blue in less than tv^o 
minutes with formic acid as the hydrogen donator (Table 10). 
Stickland (1929) obtained a cell-free enzyme preparation from 
E. coll through tryptic digestion, containing the enzyme, 
formic dehydrogenase. Gale (1959) by the use of the Booth-
Green mill obtained this same enzyme. In neither case, how­
ever, was the active formic dehydrogenase separated from the 
solid particles. The enzyme preparation used in this investi­
gation is a clear liquid, and isras obtained by removing ceils 
and debris in a Beams ultracentrifuge (capacity, 5 ml.) at 
approximately 100,000 r.p.m. for 10 minutes. The activity of 
the formic dehydrogenase thus does not seem to be bound to 
the solid particles. 
The enzyme hydrogenase, which reduces methylene blue with 
gaseous hydrogen as the only hydrogen donator, is also present 
in a very active form (Table 10). All decolor!zation measure­
ments were taken as the time necessary for complete reduction 
of methylene blue. 
Both of these enzymes, as they are present in this prepa­
ration, are quite stable. They can be reduced to a powder by 
freezing and drying in vacuo, and resuspended in Tsrater with 
no appreciable loss in activity. After having remained dried 
for almost txio months, the enzymes still retained the^ greater 
part of their activity (Table 10). Lee ^  (1942) have 
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Table 10. Formic dehydrogenase and hydrogenase acti^'ity of 
E. coli enzyme preparation. 
Treatiaent 
Enzyme jjone Dried Controls 
(55 days) (no substrate) 
Formic Min.'^ Min. ilin. 
dehydrogenase 1.75 <5 >60 
Hydrogenase 1 7 >60 
'"To decolorise methylene blue. 
SOTS: Each cup contained; enzyine, 0.8 sil.; NaECO^;. 0.045 M; 
methylene blue (l/l4^000). Substrate for formic dehy­
drogenase was 0.5 ml. 0.1 M HCOOE. Atmos., ^2. 
Substrate for hydrogenase, Total voltame, 2.8 ml. 
obtained active hydrogenase preparations from Azotobacter, and 
Bovamick {1941} by acetone treatment of E. coll has obtained 
cell-free powders containing active hydrogenase. 
Aeration during growth destroys formic hydrogenlyase 
("Yudkin, 1952). Bacteria used in the present experiments were 
grown under aeration and did not contain that enzymei 
formic acid was not broken down to E2 and COgj even after 24 
hours' incubation. The fact that both formic dehydrogenase 
and hydrogenase are present, but not foriaic hydrogenlyase, 
disposes of the possibility that the absence of forraic 
hydrogenlyase ma.j be due to separation of these two enzymes 
within the intact cell. 
Products of pyruvate dissimilation 
Pyruvate is attacked anaerobically to fora COg* acetic. 
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formic, and succinic acids, and a trace of lactic acid. Ho E2 
is formed. Aerobically, oxygen is not taken up, although the 
pyruvate is fermented. Under an atmosphere of Kg and with no 
bicarbonate present in the medium, very little succinic acid 
is formed. The effect of different gases on succinate fornia-
tion was investigated, and it was found that the yield of 
succinate was greatest -under an atmosphere of 5 to 10 per cent 
COg in Eg. This gas j^ixture was obtained in es^jeriments 2, 5, 
and 4 (Table 11) by the addition of acid phosphate to a medium 
which contained bicarbonate and was under an atmosphere of Hg. 
Experiment 1 was carried out in a large cup on the respiroiseter, 
whereas the others were carried out in a stationary 300 ml. 
Ehrlenmeyer flask connected to a HaOH bead tower. The fermen­
tation was stopped by addition of sulfuric or metaphosphoric 
acid. Carbon balances and O/E indexes were determined in order 
to check the accuracy of the analyses. A small error in the 
determination of a strongly oxidized product (for example COg) 
will result in a large error in the O/R index, which is the 
case in Experiment 2. 
Components of the enzyme system 
The enzyme system is easily inactivated by dialysis for 
half an hour and reactivated on the addition of phosphate 
(Table 12). The necessity of phosphate in the oxidation of 
•pyruvate has been siiown by Virtanen and Earstr&si (1931), 
Lipmann (1939), Banga et al. (1939), and Still (1941). 
Silverman and Werkman (1941) showed phosphate was necessary 
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Table 11. Products of pyruvate dissimilation by E. coli 
• enzyme preparation* 
ExTDeriment I^o. 
1 2 5 4 
Pyruvate fermented (ml) 2.59 2,52 2.85 2.67 
Products per 100 mH of 
pyruvate fermented: 
COg (mM) 5.65 5.2 7.4 6.38 ' 
Formic acid (mM) 76.81 62.0 80.7 69.3 
Acetic acid (mM) 88.62 74.4 80.7 76.1 
Lactic acid (mM) 3.32 2.8 2.5 3.75 
Succinic acid (mM) 4.71 12.8 8.4 14.36 
Carbon recovery, % 96 92 96 99 
O/R index 0.-93 0.84 1.03 0.97 
Atmosphere % GOrt in 
% 
COo in 
% 
CO2 in 
HOTS: Experiment Ho. 1 contained: 18 bi1. juice; pyruvate 
(0.12 M). Total volume, 30 ml. Time, 2 hrs. 
Experiment Ho. 2 contained; 23 ml. juice; pyruvate 
(G.04 M); HaECOs (0.04 M); phosphate, 5 lal. (0.1 M; 
pH, 6.2) • Total volusje, 70 ml. Tiae, 4 hrs. 
Experiment So. 3 contained: 30 ml. juice; pyruvate 
(0«05 M); UaSGOg (0:.05 M); phosphate, 7 ml. (0.1 M). 
Total volume, 75 ml. Time, 4 hrs. 
Experiment Ho. 4 contained: 38 ml. juice; pyruvate 
(0.04 M); l3aHC03 (0.07 M); phosphate, 10 ml» Total 
voltme, 75 ml. Time, 4 hrs» 
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Table 12. Effect of phosphate on pyruvate dissimilation 
by dialyzed E. coli juice. 
Experi- Dialyzing /^1» COp_ evolved, 1 hr. 
ment time Dialyzed Dialyzed 
Uo. (nina.) juice juice + PO4. 
1 25 203 745 
2 30 147 586 
3 35 0 560 
4 45 109 530 
5 90 17 21 
IJOTB: Each cup contained; dialyzed juice, 1.0 
ml.; pyruvate (0.045 M)? HaHCOs (0.045 M); 
phosphate (pH, 6.88), 0.02 M; water to 
2,0 ml. Ataosphere, 10^ COg in H2» Time, 
1 hr. 
for the anaerobic conversion of pyruvate to acetylnethylcar-
binol, and Koepsell and Johnson (1942) also demonstrated the 
necessity of phosphate in the evolution of Eg from pyruvate 
anaerobically. Thus, phosphate is also necessary for the 
breakdown of pyruvate to acetic and formic acids via the hydro-
clastic reaction. Concentrations of phosphate up to 0.01 M 
(Table 13) have no appreciable effect on the dissimilation of 
pyruvate. There is only a slight effect when the phosphate 
concentration is increased to 0.015 and a decided effect at 
0.018 M, above Tsrhich more phosphate does not appreciably affect 
the pyruvate breakdown. These results agree with those of 
Iiipmann, and Eoepsell and Johnson, who reported optimal 
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Table 13. Jiffect of phosphate concentration on pyruvate 
dissimilation "by dialyzed S. coli juice. 
Cone, of ill, CO2 1 
PO4 evolved 
Gone, of jil* CO2 
PO4 evolved 
11 O.OIS 107 
O.OOS 17 0.015 89 
0.005 26 0.018 507 
0.008 61 0.02 454 
0.01 52 0.025 556 
HOTE; Juice dialyzed 37 minutes. Each 
cup contained:dialysed juice, 1.0 
ml.; pyruvate {0.045 M); KaECOg 
(0*045 M) + phosphate in indicated 
concentrations.. Total vol'ome of 
each cup, 2.0 ml. Atmos., 10^ CO2 
in E2« Time, 2.5 hrs. 
phosphate concentrations of 0.015 M and 0.02 M for P3rruvate 
breakdown; below these concentrationsthe rates of these two 
systems ijyere proportional to the phosphate concentrations. 
The pH of the medium isas checked on the Coleman pH apparatus 
before and after the addition of phosphate, and it was deter­
mined that the effect observed was due to the phosphate and 
not to any change in pH caused by the addition of the phosphate 
In order to demonstrate the necessity of manganese and 
cocarboxylase in the system, the enzyme preparation had to 
undergo extensive dialysis, during which it lost a large part 
of its activity. After 100 minutes' dialysis, the addition 
of phosphate•and cocarboxylase markedly stimulated the reaction 
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whereas the addition of Mn had a somewhat smaller effect 
(Table 14), probably because the laanganeae is closely bound 
in the system and is difficult to remove completely by dialysis 
The necessity of Mn'^'^ and cocarboxylase in anaerobic pyruvate 
breakdovm correlates with their requirement in the aerobic 
oxidation of pyruvate by brain tissue (Ochoa, 1959b, and Banga 
et , 1959), and the aerobic oxidation of pyruvate by bac­
teria (Lipmann, 1959, and Still, 1941). 
Table 14* Effect of phosphate, cocarboxylase and ioanganese 
on pyruvate dissimilation by dialyzed juice of 
E» coli. 
Additions to manometer cups (ml.) 
Juice 1.0 1,0 1.0 1.0 1.0 
Pyruvate (0.5 M) 0.5 0.5 0.5 0.5 0.5 
HaHCOg (0.5 M) 0.5 0.5 0.5 0.5 0.5 
Phosphate (0.2 ffi; pE, 6.88) — 0.2 — 0.2 0.2 
Cocarboxylase (150 ^g./ml.) — 0.1 0.1 — 0.1 
3Sn (0.05 M) — 0.1 0.1 0.1 — 
E2O 0.4 — 0.2 0.1 0.1 
1. CG2, 1 hr. -14 104 -14 16 54 
I50TE: Juice dialyzed 100 minutes. Atmos., lO^ COg in Hg-
vsas not as effective as during the first hour 
(Table 15). However, at the end of three hours, the effects 
of and "were quite similar. 
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Table 15. Comparison of Mn and Mg effects on pyruvate 
dissimilation by dialyzed E. coli Juice. 
Gup contents 1 hr. 2 hrs. 3 hrs. 
Dialyzed juice 
cocarboxylasej PO^, 645 1123 1281 
Dialyzed juice + 
cocarboxylase, 37 325 1054 
Dialyzed juice -37 40 160 
HOTS: Juice dialyzed 36 minutes. Cups contained: 
dialyzed Juice^ 1.0 ml.; pyruvate (0.045 M); 
IfaEGOg (0.045 M)| phosphate buffer (0.02 H; 
pEj 6.88); cocarboxylase, IS/i-g.; Mn or Mg 
(0.005 K). Total volume, 2.3 ml. Atmos., 
10^ COg in Bg-
Lipmann (1939) reported flavin-adenine-dinucleotide to be 
a component in the dismutation of pyruvate by extracts of 
L. delbrueckii and Still (1941) found slight increases in 
pyruvate oxidation by E. coli juice on addition of the flavin 
compound. Under the conditions of our e^q^eriments, addition 
of flavin-adenine-dinucleotide was not effective. 
After dialysis for one and one-half to two hours, the 
pyruvate systeis was inactivated, and activity was not restored 
on addition of phosphate, In''"^ and cocarboxylase. Further 
addition of co-enzytGe I, adenylic acid, adenosinetriphosphate, 
Mg'*"''', riboflavin, fumarate, Ca pantothenate or biotin, in 
various combinations failed to restore the activity of the 
dialyzed enzyme preparation, whereas the addition of boiled 
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yeast juice gave a stxKulation. It is possible that some 
other component besides phosphatej, Mn^"^, cocarboxylase, and 
protein, is a part of this system. 
In this connection, many ©xperiaents were carried out ^Ith 
pantothenic acid and Motin in attempts to deteriaine "irvhether 
these substances were possible components of the E. coli 
enzyme system fimctioning in pyruvate metabolism. It is knowi 
that both pantothenic acid and biotin are necessary growth 
factors for a large number of microorganisms and recent inves­
tigations have indicated some possible functions of these two 
vitamins in carbohydrate utilization. As far back as 1936, 
¥(filliams et found that pantothenic acid was important in 
respiration^ fermentation and glycogen storage by yeast. Fur­
ther work by Pratt and Williaias (1939) showed that pantothenic 
acid stimulated respiration of yeast, and fermentation by 
yeast laaceration juice. According to Burke ^  al. (1941), 
biotin stimulates fer-mentation and respiration of yeast from a 
biotin-deficient medixjm. Further evidence of a possible func­
tional relationship of biotin and pantothenic acid was pre­
sented by Wilson and west (1939). They showed that Rhizobium 
required biotin for maximum developmeni:, and that pantothenic 
acid -was stimulatory in the presence of biotin concentrates, 
althoxigh inactive alone. Pantothenic acid was shown to be 
linked to vitamin in its effect on yeast growth by the 
work of Williams and Saunders (1934). 
More recent investigations seem to shoTi5- that pantothenic 
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acid 32iay be connected with pyruvate utiliaation. Dorfman ^  
al. (1942) showed that addition of pantothenic acid increases 
pyruvate oxidation by Proteus mor^anii. Pilgrim et (1942) 
demonstrated that liver from pantothenic acid- and "biotin-
starved rats has a decreased rate of pyruvate oxidation. 
These results may indicate either that pantothenic acid or 
biotin, or both, may be necessary for pyruvate oxidation, or 
may be necessary only during formation of the enzyme system 
which oxidizes pyruvate« However, recent i^ork by Teague and 
Williams (1942) has shoim that pantothenic acid has no effect 
on glucose dissimilation or pyruvate decarboxylation by a 
Lebedev juice obtained froE yeast. 
Since it was determined that some other component besides 
phosphate, manganese, c©carboxylase, and protein was a part of 
the enzyme system of S. coli responsible for the dissimilation 
of pyruvate, investigations -orere conducted to determine 
whether pantothenic acid or biotin restores the activity of 
dialyzed enzyme preparations. In several experiments, defin­
ite effects TJ?ere observed for pantothenic acid and biotin 
(Table 16), and in many other experiments these results could 
not be duplicated. In experiment number one (Table 16), the 
components added to the dialyzed juice showed no effect; 
there T^as no evolution of GO2 within two hours. Further 
readings were taken after 4-1/2 hours, v/hen the effects were 
noted. However, gro%vth could have taken place during that 
time, and in view of this possibility, the value of the 
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results is questionable. In experiment 2 the readings -were 
taken after 20 minutes. After 50 minutes the effects had 
almost disappeared. In experiment 3, a much greater stimula­
tion was obtained on addition of cocarboxylase and manganese 
than on addition of ca-pantothenate or biotin, or both. In 
this experiment, the addition of calcium pantothenate or 
biotin, or both, to the dialyzed preparations already contain­
ing phosphate, eocarboxylase and Mn"'"^, decreased the stiiaula-
tion observed on addition of the latter components alone. In 
experiment 4, the juice, instead of being dialyzed, was a 
one-week-old preparation. A alight stimulation r/as obseiwed 
in the activity of the juice on the addition of calcixan panto­
thenate, and since pantothenic acid is fairly unstable 
(Eosenberg, 1945), these results may be a clue as to its neces­
sity in this dissimilation. 
In vieis of all the qualifications attending these experi­
ments with pantothenic acid and biotin, it seems that no 
definite conclusions can be drawn as to the necessity of these 
components in the dissimilation of pyruvate; however, it is 
felt that they are involved in some way in this dissixailation. 
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Table 16. Summary of calcitm pantothenate and blotin effects 
on dissimilation of pyruvate by E. coli enzyxae 
preparation. 
Esiperiment Ho. 
1 2 3 4 
Ui- COg evolved) 
Dialyzed juice 71 0 16 41 
DIAL. juice + PO^"" 162 82 25 82 
DIAL. juice + PO4' 4 biotin 306 153 83 97 
DIAL. 
DIAL. 
juice 
juice 
+- PO^" + Ca-panto-
thenate 
+ PO4 cocarb. + Mn 
633 lis 49 
409 
120 
Time 4f- hrs. 20 
mins .. hrs. 
1 
hr, 
STOTS: Concentration of substances per cup: juice, 1.0 ml.| 
phosphate (pE 6.88), 0.02 M; biotin, 2^g.; Ca-panto-
thenate, 35>e^g.; cocarboxylase, 15^g^; IJln, 0.05 M; 
pyruvate, 0.045 H; HaECOg, 0.045 1. Total volume of 
each cup, 2.3 ml.j atcios., 10^ COo in Soj temp., 50.4 
G* Experiments 1 and 2: juice dialyzeo 25 minutes. 
Exp. S: juice dialyzed 85 minutes. Sxp. 4: juice 
undialyzed, 7 days old. 
Summary and conclusions 
An active, cell-free extract has been obtained from 
E. coli, "srhich attacks pyruvate anaerobically, producing 
acetic, formic, lactic, and succinic acids, and C02-
The enzyme system is active within a pH range of 6.2 to 
7.0 and can be dried ^  vacuo "Kithout any immediate loss of 
activity. The dried preparation slowly deteriorates with age. 
The preparation contains very strong formic dehydrogenase 
and hydrogenase activity. Formic dehydrogenase does not seem 
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to be associated ivith solid particles. Both enzyme systems 
are quite stable and can be converted to a dry powder, in 
which form they retain their activity for some time. 
Inorganic phosphate, Mn~"* and cocarboxylase were shown 
to be components of the enzpse system in the anaerobic dis­
similation of pyruvate. The optimal concentration of phos­
phate was 0.018 M. At higher concentrations no further in­
crease in the rate of dissimilation -was observed. 
Comparisons iseve made bet\n/een the bacterial enzyme 
systems responsible for the anaerobic dissimilation and the 
aerobic oxidation of pyruvate. The two systems -were found to 
be quite similar. 
Dialysis for 1-1/2 to 2 hours inactivates the system. 
Addition of various compounds, alone or in combination, did 
not restore the activity, whereas the addition of boiled 
yeast Juice had some effect. 
Evidence is presented showing possible effects of panto­
thenic acid and biotin on dissimilation of pyruvate by this 
enzyme preparation. 
CO2-Fixation and Succinic Acid Fomation 
Since the discovery in 1935 that carbon dioxide is assim­
ilated by heterotrophic bacteria, this concept has slowly been 
extended to other tissues and forms of life, so that at present 
- 77 -
hetepotrophic C02-utilization has almost reached the status of 
a general hiological reaction. Availability of carbon iso­
topes provided a valuable tool in tracing the course of the 
fixed carbon dioxide, but it soon became evident that, in order 
to follow this reaction more accurately, enzyme preparations 
\TOuld have to be obtained i;?hich would be able to actively fix 
carbon dioxide. Attempts to further elucidate the mechanism 
of the fixation through the use of enzyme systems have only 
recently been inaugurated. Kranipitz and Werkssan (1941), 
Werkaan et al. (1942), and Krampits et (1945), using an 
acetone preparation of Micrococcus lysodeikticus^ presented 
the first direct evidence that oxalacetic acid is an intermedi­
ate of the fixation reaction. During the decarboxylation of 
oxalacetate, there -was an exchange betT!;een the C^^02 of the 
medium and the carboxyl group adjacent to the methylene carbon 
atom of the oxalacetic acid. Thus they demonstrated the 
reversibility of the fixation reaction: 
CO2 + CH3.CO.COOH ^ HOOG.CH2.CO.COOH 
These investigators also demonstrated that magnesium ions are 
necessary for exchange to take place. 
In a preliminary communication, Evans et al. (1942), 
working with phosphate buffer extracts of acetone-dried pigeon. 
11 liver, obtained fixation of C O2* but did not trace the radio­
active carbon. Dialysis resulted in some loss of activity of 
the preparation. In a subsequent communication (Evans ^  al., 
194S), it was demonstrated that when the enzyme was incubated 
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with pyruvate and NaHC^^O^j no chemical change could he de­
tected in the reaction mixture, hut a small amount of was 
fixed in the pyruvate. When fumarate was added to the pyruvate, 
enzyme, and HaHC^^Og, a larger amount of C^^02 was fixed. Fif­
teen per cent of the fixed carbon dioxide was found in the 
pyruvate, and the remaining 85 per cent in the filtrate. In 
view of the lack of other soluble intermediates, those inves­
tigators claimed the radioactive carbon must exist as lactate, 
malate, and fumarate, although it was not traced to these 
compounds. The follo'sing chemical changes were postulated as 
occurring in the presence of fumarate and malate: 
fumarate + HgO - ^ malate 
malate + pyruvate oxalacetate ^ lactate 
oxalacetate ^ H2O pyruvate + bicarbonate 
Thus there was no net change in the amount of pyruvate present, 
before and after the experiment. Carbon dioxide was produced, 
and the amount of lactate formed was equal to the amount of 
fumarate (+ malate) missing. The preparation contained an 
enzyme catalyzing the decarboxylation of oxalacetate, and the 
authors explained the presence of radioactive carbon in the 
pyruvaiie by postulating the occurrence of the following 
series of reactions: 
H O C  0  E  0  0  
\ // // /! \ // ff 
EC—C—0 t HC 0, ; > 0 —0—C—0 t a,0 
1  \  V I  \  
3 0" 0 E . 0' H
w 
0 0^ F 0 0 H 0® 0 
I / I  I // // \ i // 
c"—C=C—C ==ii C —C=G—C 
\ \ \ 
0 0- 0" V jr 
p 0 H 0 
4 II 1 // 
c —c—C—G 
\ 1 l\ 
0 E 0 
Thus "by postulating a dynamic shift of the hydroxyl group of 
enolo:i£alacetic acid (Meyerhoff, 1942);, C^^OOE.C.CEo'^OOH 
b 
is formed, which, on decarboxylation of the carboxyl group 
adjacent to the inethylene group, v?ould result in pyruvate con­
taining radioactive carbon. The position of the radioactive 
carbon was not traced to any one definite compound other than 
to pyruvate, ir;hich contained only 15 per cent of the fixed 
and no net uptake of COg demonstrated.. 
Other than these tisfo preparations, (1) the acetone prepa­
ration of Micrococcus lysodeikticus and (2) the extracts of 
acetone-dried pigeon liver, no other enzyme system has been 
described which can bring about fixation of carbon dioxide. 
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Thi-s phase of the investigation presents quantitative 
data for the fixation reaction "brought a'Dout by the enzytne 
preparation of E. coli during the anaerobic dissimilation of 
pyruvate. An actual net uptake of carbon dioxide was observed, 
with pyruvate as substrate, and with COq containing an excess 
of heavy carbon presentj fixed C^^Og was located in the car-
boxyl groups of succinic^ formic, and lactic acids, iinother 
mechanism for succinic acid formation besides that of COg-
utilization is also demonstrated with this enzyme preparation, 
in which the condensation of CEs.C^^OOE is established. The 
mechanisms for the formation of succinic and formic acids are 
discussed. 
Demonstration of C0^-utilization 
Pyruvate is attacked anaerobically by the enzyme prepara­
tion, and carbon dioxide is evolved in manometric experiments 
with bicarbonate present. Occasionally, however, the carbon 
dioxide evolution fell far short of the usual values, although 
identical amounts of pyruvate had been feiroented. Table 17 
shows the carbon dioxide evolution in seven identical Warburg 
vessels. Despite the difference in the carbon dioxide evolved 
betTween cups one and seven, it Tsras found on analysis that 
identical amounts of pyruvate were utilized in the two cups. 
Another peculiar, and perhaps important, observation was made. 
The COg evolution in cups 2 and 6 ceased after approximately 
40 minutes, and a direct gaseous uptake was observed, as 
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indicated* Such results seemed to point to the utilization 
of carbon dioxide, and, in view of the possibility that these 
were not the optimal conditions for the fixation of CO2, ex­
periments were carried out under different gases (Table 18). 
The CO2 evolved during the course of the fermentation and the 
residual CO2 evolved on acidification after completion of the 
fermentation equals the total GOg. Coluian 4 gives the COg ob­
tained by simultaneously tipping the pyruvate and sulfuric 
acid into the Warburg vessel containing the enzyme preparation 
and the bicarbonate. The difference beti/^een columns 5 and 4 
represents the carbon dioxide produced^ or utilized in tne 
fermentation. It is seen that under a nitrogen atmosphere 
107^(1. of carbon dioxide were produced during the course of 
the fermentation. Under an atmosphere of hydrogen, much less 
carbon dioxide is produced, and in one instance, there was a 
slight loss.- Eov;ever, under atmospheres of 5 per cent and 10 
per cent carbon dioxide in hydrogen, carbon dioxide was con­
sistently unaccounted for in every case. The amount of GOg 
utilized was smaller under an atmosphere of 10 per cent COg in 
Uo whereas increasing the percentage of carbon dioxide to 50 
and 100 per cent resulted in a net production of COg. Varia­
tion of the concentration of either the Juice, the bicarbonate 
OP "bbe pyruvate invariably brought about a much smaller utili­
zation of COg and frequently caused a net production of COg. 
The contents of the five experimental cups tmder an 
atmosphere of 10 per cent carbon dioxide in hydrogen were 
- 82 -
Table 17. Variation in evolution of CO2 in dissimulation 
of pyruvate by enzyme preparation. 
Cup 
No. 
COo evolved 
{-^10 
Gas taken up 
) 
Pyruvate 
utilized (^) 
1 1771 0 98.8 
2 929 266 
5 1495 0 
4 1616 0 
5 1349 0 
6 801 322 98.8 
7 1142 0 
NOTE; Each cup contained pyruvate, 0«06 M; UaHCO^, 0.05 M5 
juice, 1*6 ml. Total volume^ 2.3 ml. Atmosphere, COg 
Time, 2 hours. Temperature, 30.4® C. 
carefully rinsed out and the precipitated proteins filtered 
off. Volatile acids were removed by steam distillation and 
the residue was extracted with ether over night. The ether 
extract was tested for the presence of succinic acid with a 
succinic dehydrogenase preparation obtained from beef heart. 
Succinic acid found amounted to 760^1. (on the basis that 
two moles of succinate take up one mole of Og, and that 1 mM. 
succinate is equivalent to 22,400//(.l.)« The COg imaccounted 
for also was 760>(1. Thus carbon dioxide was fixed and suc­
cinic acid formed in equimolar amounts. 
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Table 18. Effect of different gases on fixation of COg 
"by E. ooli juice. 
GOg evolved { 1.) 
NOTE: Each cup contained 0.8 ml. juice, 0.022 M pyruvate, 
and 0.04 M SJaECOg. Total volume 2.3 ml. Time, 5 hrs. 
Temp., 30.4° C. 
Atmos­
phere 1 2 3 4 
During 
fermen­
tation 
On acidify­
ing after 
fermenta­
tion 
Total 
(1-2) 
On acidify­
ing before 
fermenta­
tion 
COg 
332 819 1151 1044 +107 
% 335 
363 
841 
862 
1176 
1225 
1171 
1245 
-5 
f20 ; 
5% COp 
in E2 
308 
318 
950 
940 
1258 
1258 
1412 
1412 
-154 
-154 
: 
' 
10^ COg 
in Eg 
420 
425 
381 
340 
370 
1158 
1118 
1187 
1202 
1138 
1578 
1544 
1568 
1542 
1508 
1670 
1670 
1720 
1720 
1720 
-92^ 
-126 
-152 
-178 
-212^ 
' 
-760 
• 
lOfo GOg 
in Hg 
477 1105 1582 1634 -52 
50^ COg 
in Eg 
459 
463 
1624 
1610 
2083 
2073 
1969 
1969 
+114 
•i-104 
; 
i 
100^ COg 667 
610 
2296 
2299 
2963 
2909 
2888 
2888 
+75 
•(.21 
; 
I 
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Accordingly, with this indication that carbon dioxide is 
fixed and succinic acid is formed in equivalent amounts, ex-
13 periments were carried out on a larger scale with excess C 
in the Mcartoonate of the medium. Pyruvate and HaHC were 
placed in a 300 ml. Erlemeyer flask which was connected to a 
condenser, and then to a bead tower containing 15 ml* of 1.5 N 
COg-free IlaOE. The whole system was put tmder a slight vacuum 
and the air above replaced *ifith C02~free Hg* Acid phosphate 
was added to liberate some and to give an atmosphere of 
in Hg. The enzyrcie was then added. After completion of 
the fermentation, the proteins isere precipitated and residual 
CO2 liberated by the addition of 10 ml. of 20^ metaphosphoric 
acid. The solution was refluxed and aerated to complete the 
removal of CO2- The resulting COg-free mixture -was filtered 
and from the filtrate the fementation products were isolated 
and analyzed for the presence of excess Results are 
shown in Table 19. The concentration is expressed as per cent 
0^^ in excess of the normal complement of i.e., the per­
centage in excess of 1.09. The bicarbonate is the only source 
of carbon containing in excess of 1.09, and the variation 
in the mass spectrometer analysis of is ±0.02. The excess 
values of the succinic, formic, and lactic acids are 
significant and indicate fixation of COg. 
Mec>-'«""ism of succinic acid formation 
The succinic acid isolated from the fermentation was con­
verted to a mixture of fumarate and malate by means of a 
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succinic dehydrogenase preparation obtained from beef heart. 
The malate i?as then oxidized with iQSn04 to acetaldehyde plus 
2 002- The two carbon dioxide molecules originate from the 
two carboxyl groups, and acetaldehyde from the metnylene groups 
of the original succinic acid (Wood £t al«, 1941). The acetal­
dehyde was then oxidized to COg with potassiuni persulfate 
(Osbum and Werlanan, 1952) and the content of the carboxyl 
and of the methylene carbons deterniined. The content of 
I 
the methylene carbons of succinic acid was found to ce normal | 
(1.09^), whereas the figures for the carboxyl groups showed 
that a significant amount of excess was present. The re­
sults conclusively indicate that there has been fixation of 
carbon dioxide by the enzyme preparation of Escherichia coli 
with pyruvate as substrate, and that the fixed carbon is 
located in the carboxyl groups of the succinic acid formed* 
The values for the carboxyl carbons are not high enough to in-
dicate that all of the succinate has been formed by a fixation 
of COg* If the fixed C^®02 is present in only one of th© 
carboxyl groups of the succinic acid^ according to tne res.Gtions . 
^ ECEg'CO.COOH C^^OOE.GHg.CO.COOH 
G^^OOH.CHg.CO^GOOE + 4E -9 C^^OOE.CEq-CEQ'OOOE +• HgO 
{Wood et 1941), the excess in the single carboxyl 
group containing fixed will be 0.84 and 1.30, twice 
as large as the value for the two carboxyl groups. These values j 
are much lower than the excess in the bicarbonate (4.58 and | 
i } 
/ 
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Table 19, Per cent in products of pyruvate and KaHC^^Og 
dissimilation "by E. coli enzyme preparation. 
fermentation Ko. 
1 2 
sjM : ^ excess . 
; : 
mM : 
« 
• 
^ excess 
^13 
Original NaECOg 3.966 5,10 5.295 5.10 
Residual KaHCOg 4.178 4.68 5.465 4.17 
Pyruvate fermented 2.85 2.67 
Products: 
COg 0.212 0.17 
Ponaic 2.30 0.16 1.85 0.08 
Acetic 2.50 0*00 2.05 0.00 
Lactic (COOH) 0.07 0.61 0.10 0.27 
Succinic 0.24 0.585 
Succinic {COOE)g 0.42 0.65 
Succinic (0^)3 0.00 0.00 
Fermentation Ho. 1 conta^eds 30 ml. enzyme preparationj 
KaHC^^Og, 0.05 K; pyruvate, 0.05 M; phos­
phate, 7 ml* (0.1 M, pH 6.2)• Total vol-
iime, 75 lal. Atmosphere C^®02 in Hg. Time, 
4 hours. Temp-, 50.4° C. 
Carbon recovery 96^j O/R index l.OS; 
excess recovered 100^. 
Fermentation Ho. 2 contaiiied: 58 ml. enzyme preparation; 
IfaHC O3, 0.07 M; pyruvate, 0.04 I/I; 
phosphate^ 10 inl. (0.1 M, pE 6*2). Total 
volxiiae, 75 ml. Atmosphere, C^"^02 in Eg. 
Time, 4 hours. Temp., 50.4® C. 
Carbon recovery 99^; O/R index 0.97; excess 
" recovered 87^. 
4.17) and it is evident the carboxyl was not derived solely 
from this source. Assuming that the is in equilibrium 
with the C^^Og in the medium and at the enzyme surfaces. 
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Table 20. in succinate formed in quantities equimolar 
to carlDon dioxide utilized. 
COg Succinate Excess C Excess C^^ in 
missing formed in total carboxyl groups. 
(^1.) succinate calculated 
ii) 
1311 1368 0.21 0.42 
KOTS: Each cup contained; juice, 0.8 ml.; pyruvate, 0.024 M; 
NaEC^^Og, 0.046 M; phosphate, 0.2 ml. (0.1 M, pE 6.2)5 
E2SO4 (1:1), 0.3 ml. (side arm). Total volume, 2.5 ml. 
Atmosphere, G^^Og in Eg. Time, 3 houirs. 
then, if all the succinate were formed by a fixation of COg, 
the content in the carboxyl group of the succinate should 
be at least as large as the content in the bicarbonate 
at the end of the fermentation. Since this was not so, either 
the isotopes are not at equilibrium at the enzyme surfaces, or 
there is another mechanism of succinic acid formation. It will 
be recalled that in the manometric experiments (Table 18) the 
siTccinate was formed in amounts equimolar to the COg utilized, 
whereas in the larger experiments (Table 19) there was a small 
net production of COg during the course of the fermentation. 
In order to ascertain v/hether succinate contains a higher com­
plement of fixed when it is formed in quantities equimolar 
to the COg utilized, small manometric experiments were set up 
with SaHC^^Og, and the C^® of the isolated succinic acid was 
determined (Table 20). The quantity of 1311/11. COg was 
utilized in eleven Warburg cups, and 1368succinate -was 
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formed. However, the excess content of the carboxyls of 
the succinate formed (0.85^) was not higher than that ohtained 
in large-scale experiments (0.84 and 1.50^), where no net loss 
of CO2 occurred. Here again, though the amoimt of succinate 
formed correspond to the COg utilized, the content of the 
resulting succinate indicated that there was another mechanism 
for succinic acid formation besides that of CO2 utilization. 
Acetic acid condensation 
Thimberg {1920) and Wieland (1922) suggested the formation 
of succinic acid by a dehydrogenation of two moles of acetic 
acid. Since then, numerous investigators have presented evi­
dence for this mechanism of succinic acid formation by yeasts 
(lieland and Sonderhoff, 1952), molds (Butkevich and Fedorov, 
1929, 19S0), bacteria (Wood and Y/erkman, 1956b), and animal 
tissue (Weil-Malherbe, 1957). Sonderhoff and Thomas (1957) 
investigated the metabolism of yeast using trideuteroacetic 
acid and found deuterium in the succinate formed. The amount 
of deuteriiam in the succinate was less than that in the acetate, 
nevertheless, their ezperiments clearly showed that succinate 
"was derived from acetate, although the mechanism is probably 
more complex than simple dehydrogenation. Kleinzeller (1941), 
reported that yeast did not form succinate from acetate linder 
the conditions of his experiments, and Foster et (1941) 
state that "the evidence for a synthesis of succinate through 
two acetates (Thunberg-Wieland condensation) has never been 
conclusive." 
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Confimation of Sonderhoff and Ifiieland's work was neces­
sary and was presented "by Slade and Serksan (1943). These 
authors•working with Aerobacterj and using acetic acid con­
taining obtained definite evidence for the formation of 
succinic acid by the condensation of two C2 molecules, proba­
bly those of acetic acid. 
On the basis that acetic acid condensation might be a 
jTtechanism of succinate formation with the enzynie preparation 
Sscherichia colij a large-scale experiment similar to those 
described in Table 19 vjas carried out with pyruvate and 
CEg.C^^OOH as substrates^ Table 21 shows the content of 
the products of this dissimilation by the E. coli enzyme prepa­
ration. The only source of excess was the added acetate. 
Succinic acid was the only compound other than acetic acid 
which was found to contain excess The heavy carbon of 
the succinic acid was located exclusively in the carboxyl 
groups. Since the residual COg of the fermentation contained 
1 
no excess C , it.is evident that the heavy-carbon succinate 
was not formed by the fixation reaction. Therefore, this ex­
periment conclusively shows that, besides the fixation reaction 
for succinate formation, the preparation has a second mechan-
isni, the condensation of acetic acid (or its derivative) with 
a two-or three-carbcoi molecule (pyruvic acid or its derivative) . 
The over-all reaction may be represented as follows; 
C^^OOHCEg t CHg.C^^OOE > C^^00H.CH2.GB2«G^^00H 
90 ~ 
Table 21« Per cent In products of CEsC^^OOH and pyruvate 
dissiiailation by E. coli enzyme preparation. 
isM. 
Excess 
GEgC^^OOE added 2.06 1.30 
Pyruvate fermented 2.98 
Products; 
COg 0.30 0.01 
Formic 2.14 0.02 
Acetic 4.27 0.65 
Lactic 0.07 0.02 
Lactic COOE 0.02 
Succinic 0.392 0.13 
Succinic (C00H)2 0.26 
Succinic (GE2)2 0.02 
NOTE: Fermentation contained; pyruvate^ 0.038 M; CEgC OOE, 
0.024 Mj KaEOOs, 0.064 M; phosphate, 2 ml. (0.5 S, 
pE 6.2); enzyme preparation, 30 ml. Total volume, 
85 ml. Atmosphere, COo in Bo- Time, 4 hours. Temp., 
30^ C. 
Carbon recovered, 97^ 
O/R index, 1.05 
*1 *2 
Per cent excess C recovered, 107^ 
The present evidence does not establish that it is specific­
ally two molecules of acetic acid which react, but it does 
establish that acetic acid can be converted to succinic acid 
by condensation of two molecules of acetic acid or by a reaction 
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involving acetic acid. Sla<2e and U'erkman (1943) have also 
demonstrated with Aero"bacter the reverse reaction, the 
cleavage of succinate to acetate. This evidence supports the 
proposal of the forsation of succinate by a O2 plus C2 addi­
tion, rather than by a 2-carbon plus S-carbon addition. The 
enzyme system reported here apparently does not possess this 
cleavage mechanism, since, in the presence of NaEC^^Os (Table 
19), the succinic acid contained an excess of -whereas the 
IS C content of the acetic acid was normal. 
Since tv.'o mechanisEis for succinic acid formation have been 
demonstrated with this preparation, the question arises as to 
the percentage of the succinate formed by each mechanism. The 
quantitative isotopic data can be used to give some infoimation, 
although there are limitations that have to b© considered. 
The calculations are not exact because of uncertainty as to 
mechanisms of the reactions, assumption of equilibria between 
the C and C compounds at the enzyme surfaces and the diffi­
culty in determining the concentration of the compounds 
during the course of the fermentation. Minimal values can be 
calculated, but the calculation of maximum or exact values 
involves assumptions. 
The acetate added at the beginning of the experiment 
(Table 21) contained 1.30 per cent excess If the 
content of these acetic acid molecules is not diluted by acetic 
acid arising from pyruvate, and if condensation takes place 
between two acetic acid molecules, each molecule of succinate 
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formed Tr;ill contain i.SO per cent excess same 
percentage as the added CHg.C^^OOH. The experimental value for 
the succinate is 0,13^ excess If x r the percent of 
succinate formed hy condensation, then,- if 2 moles of succinate 
containing 1.30^ excess are diluted with ordinary succinate 
to 100 moles, the resulting succinate will contain 0.13^? excess 
C^^»(1.30 X X = 100 X O.IS). The value for the succinate 
formed by condensation of GE5.C^®00H containing 1.30^ excess 
is therefore 10^. This is the lowest possible value for 
acetate condensation which could give the experimental value 
of 0.13^. 
If the succinate arose by condensation of one molecule of 
added acetate with one molecule of pyruvate, the excess 
content of the resulting succinate will be one half the acetate, 
or 0.65^. The succinate formed by condensation will be 20^ in 
this case (0«65 x X = 100 x 0.13)• 
The above calculations are not correct for it is apparent 
that acetate arising from the pyruvate will also condense-
Thus, the acetate which enters the condensation reaction will 
have a concentration less than that of the original added 
acetate, but somewhat greater than that of the final acetate. 
The per cent succinate foiled by condensation as calculated on 
the basis of the final acetate is probably a inaxiinura value. 
If both portions of the succinate come froro the final acetate, 
the value is 20^ (0.65 x S = 100 x 0.13). If the succinate is 
fomed by acetate and pyruvate condensation, the calculation 
1 *35 
on the basis of the 0- content of the final acetate gives 
405^ (0.S25 X X = 100 X 0.13). 
On the same oasis, and aas-Jiaing the GO2 is fixed in only 
one carboxyl group (cf. Krampitz _et al., 1945), we can calcu­
late the per-cent of succinate arising from C02-fixation to be 
between 16.5 (5.10 x X = 100 x 0.84) and 18% {fermentation 
Ho. 1, Table 19) and between 25 and 51^ (femientation So. 2, 
Table 19). 
Even if the naximal x^alues are taken for the per cent of 
succinic acid formed by CO2 utilization and acetic condensation, 
only 71^.of the succinate mechanism is accounted for. The re­
sults lafare not from the same fermentation and there may have 
been some variation, "©e have no assurance;, however, that the 
assumptions on v/hich these calculations are based are entirely 
1 P 
correct . . For example, the C-^^02 produced at the enzyme sur-
} 
faces may be more closely bound to the enzyme and therefore may 
be preferentially fixed, even though both may be in equilibrium 
in the medium. There is no direct evidence that the added 
CEg.C^^OOE comes to equilibrium with the acetate formed from 
pymivate, or with an intermediate two-carbon molecule which is 
actually condensed to form succinic acid. Finally there is 
the possibility that there may be at least one more mechanism 
of succinic acid formation by this enzyme preparation, besides 
the two indicated above. 
The principal point to be made is that there are at least 
two mechanisms of succinate formation which are of quantitative 
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significance. Therefore, further investigation is necessary 
in cases v^hsre only one siechanism for succinate formation is 
postulated (Krebs and Eggleston, 1941). 
Mechanism of formic acid formation 
At present there are t\iio concepts for the formation of 
formic acid from pyruvate: (1) the hydroclastic split. In 
which pynivic acid breaks down to acetic and foriaic acids, 
CE5.CO.COOH -t H2O r. CH5.COOH + ECOOH, and (2) reduction of COg 
by either gaseous hydrogen or an organic hydrogen donator. 
Keuberg (1914) showed the conversion of pyruvate to acetic and 
formic acids. Ee pictured the over-all reaction as a hydro-
clastic split of pyruvate to acetic and foriaic acids but also 
proposed a mechanism for the formation of formic acid by the 
reduction of carbonic acid (split off from pyruvate) by the 
nascent hydrogen arising from the 'SJater in the medium. Tikka 
(1955) proposed the transformation of pymvic acid by E. coll 
entirely isithout decarboxylation through a hydroclastic split 
into equimolar amounts of acetic and formic acids. Krebs (1937) 
proposed that fonisate was not necessarily formed from the car-
boxyl group of pyruvic acid but could arise from the COg and 
water of the medium, according to the equation 
CE5.CO.COOE t HgO + CO2 = CE3.GCOH t CO2 + ECOOH 
Ms point was that this mechanism was possible, and the hydro­
clastic split not definitely proven. ?/erkman and Wood (1942) 
stated that it was generally accepted that formic acid orig­
inates from pyruvic acid by a hydroclastic split. However, 
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those authors pointed out the possibility that CO2 could be 
reduced by an organic hydrogen donator to form formic acid. 
Woods {1936) has shewn that the reduction of COg to 
EGOOE with H2 occurs with E« coli and presumably with other 
bacteria that contain hydrogenlyase. The S. coli enzyme 
preparation used in these experiments was obtained from cells 
which were grown under strong aeration, Tsrith no formate pres­
ent, and consequently did not contain any hydrogenlyase when 
tested (Yudkin, 1932), In the presence of C^^02, the absence 
of an excess of heavy carbon in the formic acid foi^ned from 
pyruvate dissimilation would indicate that formic acid was 
not formed by reduction of CO2 as such* The results of such 
experiments are presented in Table 19. It is evident that 
the per cent of heavy carbon present in the formic acid in 
both feraentations is significant, but only slightly above the 
normal. Bearing in mind the fact that, with hydrogenlyase 
present, the content of the formic acid formed is equal to 
the content of the residual bicarbonate (Slade et al., 
1942), it is evident that %7hen no hydrogenlyase is present, as 
in this instance, very little of the formic acid is formed by a 
reduction of COg from the medium. Calculating the per cent of 
formic acid arising from a reduction of GOg, according to the 
content of the formic acid foiled and of the residual and 
original bicarbonate (Table 19), we find that in fermentation 
11 o, 1 from 5*2 to 5,5% of formate originated in this way, and 
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in fermentation Ho. 2, 1*2 to 1,8^ of the formate was formed 
lay a reduction of CO2 from the saeditun* A slight residual 
hydrogenlyase activity might account for the small excess 
amount of C present in the formic acid. On the other hand, 
the formed from pyruvate may he more closely bound to the 
enzyme surfaces and thus may be preferentially reduced. In 
this case, however, the formation of for-mic acid would not be 
the result of the reduction of COg from the mediiim. 
It appears that the reduction of CC^ is probably not the 
mechanism by which formic acid arises in this case. However, 
the hydroclastic split, as pictured, is probably incorrect also, 
since phosphate is known to be necessary for this reaction, 
for the oxidative breakdown of pyruvate and for the conversion 
of pyruvate into acetate, asid molecular hydrogen. 
Lipmann (1940,1941) has demonstrated the occurrence of 
acetyl phosphate during the oxidation of pyruvate by extracts 
of dried Lactobacillus cells. More recently. Utter and 
Werlcraan (1943) have shoiijn the occurrence of this phosphorylated 
product during the anaerobic dissimilation of pyruvate by a 
cell-free enzyme preparation of E. coli. Therefore, it would 
probably be more correct to picture the formation of acetic 
and formic acids from pyruvic acid as a phosphoroclastic 
reaction instead of a hydroclastic reaction. 
Lactic acid formation 
In the dissimilation of pyruvic acid, very small amounts 
of lactic acid were formed. However, a significant amount of 
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heavy carbcxi was fixed in the lactic carboxyl group in the 
is presence of NaHC Og. These experiinents confirin some of the 
previous vjoTk done larith inrhoie cells, where, concurrent with 
COg utilization in succinic acid, heavy carbon was also found 
in the carboxyl group of the lactic acid produced by many 
organisms (Wood ^ Slade et al., 1942). These 
results seem to suggest that a C-4 dicarboxylic acid, formed 
by a C-5 and G-1 addition, aay be a precursor to the formation 
of lactic acid. However, frosi the results in Table 21, page 
90, it can be seen that succinic acid itself is probably not 
an intermediate in the formation of lactic acid. The succinic 
acid molecule contained an excess of heavy carbon (derived 
from the CH^C^^OOH), whereas the content of the lactic 
carboxyl group was practically normal. 
In view of the small amounts of lactic acid forced by 
this system, it would be inadvisable to try to formulate a 
mechanism for its formation, on the basis of the data in this 
paper. The mechanism of this reaction isould probably be 
studied to greater advantage by using an organism or an enzyme 
system producing much larger amotints of lactic acid. 
Siammary and conclusions 
The dissimilation of pyruvate has been investigated using 
an active, cell-free enzyme preparation obtained from E. coli. 
The products are succinate, lactate, acetate, formate, and CO^ 
COg -raras utilized and, by the use of tracer experiments ?;ith the 
isotope, fixed was located in the carboxyl group of 
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the succinic acid formed. 
C02-fixation is.not the only mechanism of succinic acid 
T % formation by this enzyme system. On addition of CE3C OOH, 
IS 
succinic acid ms isolated^ containing excess C exclusively 
in the carboxyl groups. Therefore, condensation of acetic acid, 
or its derivative, with a 2-carbon or 3-carbon iKolecule is an­
other ffiechanism for the forination of succinic acid. 
It is shorn that in the absence of hjdrQgenlya.se the 
reduction of CO2 from the medium is not the mechanism of 
formic acid formation. 
Thus, with the knowledge that the bacterial preparation 
contained the enzyme or enzymes isrhich actively fixed carbon 
dioxide vjith pyruvate as substrate, the next phase of this 
investigation resolved itself into attempts to determine some 
of the properties of the system concerned •vjith the enzymic de­
carboxylation of oxalacetate and the demonstration of the car-
boxylation of pyruvate. 
Enzymic Decarboxylation of Oxalacetate and 
Garboxylation of Pyruvate 
Oxalacetate is an important intermediary in cellular 
metabolism and its decarboxylation and reduction by many micro-
• 
organisms and animal tissues have been reported by a number of 
investigators. The first bacterial enzyme preparation to be 
described, which brought about a rapid decarboxylation of 
oxalacetate was obtained from Micrococcus lysodeikticus by 
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Krampitz and Werkman (1941)» This enzyme was heat labile, 
in contrast to the heat-stable component of mammalian tissue 
described by Breusch (1939). 
The formation of oxalacetate from malate and fumarate has 
been determined by a number of investigators« Banga (1936), 
using hydrazine as a fixative, demonstrated the formation of 
oxalacetate from fumarate, with washed muscle. Stare (1936) 
also showed the oxidative formation of oxalacetate from 
fumarate by liver and kidney tissues. Malic dehydrogenase 
from oig heart was shovm to form oxalacetate from 1-malate, 
in the presence of keto-fixatives (Green, 1956b). Among bac- ~ 
teria, the formation of oxalacetate from fumarate was demon­
strated by Krampitz ^  (1943). However, no quantitative 
data v/ere given. Attempts of these vjorkers to demonstrate the 
formation of oxalacetate via a direct carboxylation of pyruvate 
isrere unsuccessful. However, employing a bacterial acetone 
preparation and the heavy carbon isotope, they did demonstrate 
that during the decarboxylation of oxalacetate to pyruvate and 
CO2, some carboxylation occurred. This Tsas the first direct 
evidence that oxalacetic acid (or its derivativej was a com­
ponent of the fixation reaction and that this reaction was 
reversible: 
CO2 i- CE3.COCOOH COOE.GE2.CO.GOOH 
In the present investigation, the enzyme preparation ob­
tained from E. coli has been used to confirm and extend the 
work reported by these investigators. The enzyme system 
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exhibits strong decarboxylating activity on oxalacetate, and 
in addition, can reduce oxalacetate and fmaarate with molecular 
hydrogen. Quantitative data are presented for the formation 
of oxalacetate (or a compoxmd very closely related to it) from 
the 4-carbon dicarboxylic acids and directly from pyruvate 
and CO2 via the Wood-\»'erkiaan fixation reaction. 
Activity on fumarate and oxalacetate 
Strong activity was exhibited with fxunarate and oxalace-
tate as acceptors of gaseous hydrogen {Table 22)• This is of 
interest in view of the postulated occurrence of these two 
compounds in the formation of succinic acid from pyruvate. 
The reduction of oxalacetate is much slower than that of fim-
arate* However, oxalacetate is rapidly decarboxylated, a 
fact which suggests a similarity between this system and the 
acetone preparations of Micrococcus lysodeikticus (Xrampitz 
and Werkman, 1941), and of pigeon liver (Evans ^  9 1945). 
Krampitz and Werkman found that magnesium (or manganese) ions 
are necessary for the decarboxylation of oxalacetate, and 
Evans demonstrated that manganese ions functions in the corre­
sponding enzyme system in pigeon liver. In addition, the 
former investigators found that cocarboxylase did not function 
in oxalacetate decarboxylation. This i?7ork has been repeated 
with a dialyzed E. coli enzyme preparation and substantially 
the same results vi'ere obtained. In addition it was demon­
strated that inorganic phosphate is not necessary for the de­
carboxylation of oxalacetate. 
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Table 22. Activity of ^-decarboxylase preparation on 
fximarate and on oxalacetate. 
COg evolved Eg uptake 
i^l') {A1 . )  
Pijmarate (-472) 0 -428 
(-^490) 0 -557 
Oxalacetate -K413 -96 
+443 -92 
+446 -106 
^412 -112 
Oxalacetate +87 -4 
(spontaneous) +84 
NOTE: Figures not corrected for spontaneous 
action of oxalacetate. 
Substrate concentration, 0»02 M. 
Enzyme J, 0.8 ml. (In oxalacetate con­
trol, 0.8 ml. phosphate, 0»2 M; pH, 
6.88, added instead of juice.) 
Total cup contents, 2.0 ml. Atmos­
phere, Time, 1 hr. 
Properties of the enzyme system 
It will be recalled that there was a sharp dilution 
effect of the juice in the anaerobic dissimilation of pyru­
vate (Table 6). This dilution effect was not observed during 
the decarboxylation of oxalacetate (Table 2S). Optimal ac­
tivity was obtained with 0.7 ml. of the enz^e preparation, 
but even -when as little as 0.1 or 0.2 ml. of the juice was 
used, definite activity was obtained. 
Krebs (1942) has found that amino compounds, including 
amino acids, proteins, aniline and multivalent ions also 
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Table 23» Effect of dilution of juice on decarboxylation 
of oxalacetate. 
Juice 
(ml.) 
OO2 evolved 
(al.) 
0.8 1005 
0.7 1110 
0.6 799 
0.5 700 
0.4 640 
0.5 568 
0.2 452 
0.1 254 
0 
NOTE: Each cup contained; juice in indi­
cated aiaotmtsj oxalacetate, ••045 M; 
phosphate btiffer (pE, 6»88), 0.05 M; 
citric acid {side arm, 50^), 0.5 ml. 
Total volTome, 2»0 ml. Time, 0.5 hr. 
Atmosphere, air. Temperature, 50.4® C. 
y«.l. CO2 evolved z CO2 evolved during 
0.5 hr. plus CGg evolved on acidifica­
tion. Figures corrected for spontane­
ous action of oxalacetate. 
catalyze this /^-decarboxylation. There is no doubt that 
Krampitz and Werkman (1941) demonstrated a heat-labile enzyme 
which decarboxylates oxalacetic acid, and the preparation 
described here is quite similar. The specific protein nature 
of the enzyme was demonstrated by the precipitation of the 
proteins responsible for the decarboxylation with 50J& (124)2804 
(Table 24). 
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Table 24. Fractional precipitation of -decarboxylase. 
(KH4)2S04 
{%) 
CO2 evolved 
from oxalacetate 
Ua-) 
60 501 
50 236 
45 19 
40 29 
1-IOTEs Each cup contained; juice, 1.0 sil.; 
oxalacetate, 0.025 Mj ohospbate 
buffer (pE 6.88), 0.05'M.citric 
acid (in side arm, 50^), 0.3 ml. 
Total volume, 2.0 ml. Atmosphere, 
air. Time, 0.5 hr. Corrected for 
spontaneous decarboxylation of 
oxalacetate. 
The protein fraction which was precipitated with 45^ (KE^)2S0^ 
had no decarboxylating activity on oxalacetate and did not 
. 
increase the activity of the protein fraction precipitated by | 
S ( 
5C^ (IIH^)2S0^, on addition to it. Therefore, though proteijis 
and amino acids may catalyze the spontaneous decarboxylation 
of oxalacetate, there is a specific protein system which i 
brings about a much more rapid decarboxylation. The activity 
of the enzjme seemed quite unaffected by the pE of the medium, | 
t 1 
since oxalacetate -was decarboxylated within a pE range of 2 to ! 
i 
10. The enzyme appeared saturated •?;hen the concentration of \ 
) 
oxalacetate "was approximately 0.05 M (Table 25), compared to \ 
i 
! 
approximately 0.05 M pyruvate concentration necessary for | 
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Table 25. Effect of substrate concentration on enzjme 
saturation in decarboxylation of oxalacetate. 
Oxalacetate CO2 
concentration evolved 
(M) W-1.) 
0.01 206 
O.OS 500 
0.04 313 
0.05 384 
0.06 375 
NOTE: Each cup contained: juice, 0.3 ml.; 
ojxalacetate in indicated concentra­
tions; phosphate buffer (pE, 6.88), 
0.05 M; citric acid (side arm, 50$«), 
0.3 ml. Total volume, 2.0 ml. 
Atmosphere, l?p. Time, 0.5 hr. 
/^l. cbg incluaes CO2 evolved during 
fermentation plus CO2 evolved on 
addition of citric acid. Correction 
made for spontaneous decarboxylation 
of oxalacetate. 
saturation dtiring dissimilation of pyruvate -sirith the same | 
i 
preparation (Table 7). 
Formation of oxalacetate from succinate, fumarate, and aalate 
Quantitative data have been obtained on the formation of 
oxalacetate from succinate, fumarate, and malate, employing j i t 
the cell-free enzyme preparation. The presence of oxalacetate | 
I 
was determined by its decarboxylation on addition of aniline- | 
I 
citrate (Edson, 1935). The action of the juice was stopped | 
at the desired time by the addition of citric acid to the \ 
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1 
I 
center well of the Warburg cup, thus releasing any hound CO2 j 
•which might be present. Oxalacetate is rapidly decarboxylated 
in the presence of aniline-citrate, and thus its presence can j 
be determined quantitatively. Aniline-citrate also slowly 
decarboxylates acetoacetate, but since this compound does not | 
i j 
occur under the conditions of the experiment, the citrate- j 
j 
aniline test, in this instance, is considered specific for oxal-| 
I 
1 
acetate. In all cases, controls were run. Aerobically, ^'ith | 
I 
approximately 2,6B8//1. of fuiaarate or malate present as sub- | 
j 
strate about 75 /^l. of oxalacetate were obtained at the end i 
of one hour, with no fixatives or inhibitors present {Table 26).| 
I 
Under the same conditions, much less oxalacetate (approximate- | 
ly 15^1.) is formed from succinate. The oxalacetate formed | 
I 
was completely destroyed by heating to 70-80° C for five min­
utes, thus exhibiting the labile property of ordinary oxal­
acetate. However, iinder an atmosphere of ^2 with no O2 pres-
ent, no oxalacetate is formed from fumarate. Therefore it \ 
seems that this conversion to oxalacetate is an oxidative | 
I 
1 
reaction. | 
The reduction of oxalacetate and fumarate by this enzyme | 
J 
preparation, plus the formation of oxalacetate from succinate, | 
fumarate, and malate, demonstrate the possible and reversible 
occurrence of these intermediates during the utilization of ! } 
carbon dioxide by this enz^fme preparation. 1 
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Table 26. Aerobic formation of oxalacetate from various 
substrates by S. coli ensyme preparation. 
Substrate Oo taken up 
ui.) 
cop evolved 
U l . )  
Oxalacetate 
formed U:l.) 
Fumarate 
n 
V 
n 
Pumarate 
control 
Malate 
» 
Malate 
control 
-42 
-43 
-46 
-41 
0 
-25 
-28 
-35 
65 
63 
60 
66 
70 
67 
58 
0 
75 
75 
76 
-5 
Succinate 
tj 
Succinate 
control 
-42 
-46 
24 
20 
0 
15 
15 
HOTE: Bacii cup containedr juice, 0.8 lal.j substrate (fim-
arate, 0.05 Mj malate, 0»05 M; succinate, 0.045 M); 
citric acid (side arm, 50^), 0.3 ml. Total volume, 
2.3 ml. Time, 1 hour. Temperature, 30.4® C. Atmos­
phere, air. Cups run in duplicate with HaOE in 
center well to determine Og uptake and COg evolution. 
Aniline-citrate added to determine oxalacetate, 0.4 ml. 
Garboxylati on of pyruvate 
During the decarboxylation of oxalacetate by the enzyme 
in the presence of KaHC^^Og, an exchange reaction took place; 
_i._e., an excess of heavy carbon isfas detected in the carboxyl 
group adjacent to the methylene carbon atom of the residual 
oxalacetate. This is an indirect demonstration of the occtir-
rence of carboxylation, and is similar to the results obtained 
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"by Krampitz £t (1945) • Since COg-fixation had already 
been demonstrated v--ith this enzyme preparation isith pyruvate 
as substrate, attempts were made to demonstrate direct car- | 
I 
boxylation by detecting the formation of ozalacetate from | 
1 
pyruvate and C02» | 
Under optimal conditions for succinic acid forjiiation and 
C02-fixation by the juice, no test was obtained for oxalace-
tate (Table 28)* An atmosphere of 5^ CO2 in H2 "s^as used, | 
since under these conditions the fixation of CO2 and the forma- | 
{ 
i 
tion of succinic acid were previously demonstrated (Table 18). | 
. 
The CO2 evolved during the course of the fermentation plus the 
COg evolved on acidifying the contents of the Warburg vessels 
after permitting the feriaentation to proceed for a definite 
length of time, equals the total COg. Duplicate control cups 
were acidified by simultaneously tipping the pyruvate and sul­
furic acid into the center well of the Warburg vessel contain­
ing the enzyme preparation and the bicarbonate. The difference 
between the controls and the total CO2 evolved from a cup 
where the fermentation was allowed to proceed, represents the | 
i ) 
CO2 produced, or utilized in the fermentation. Thus, it can | 
be seen (Table 27), that after 50 minutes there was an excess | 
e 
i 
of 104/^1. of CO2 produced and there was no test for oxalace- | 
tate. After 45 minutes the CO2 excess was reduced to i»22x^l. | 
At 60 minutes 47M 1. of GO2 were missing, but no ©xalacetate | 
I 
was detected. After 75 minutes and 180 minutes, the amount • 
i 
of CO2 fixed increased to 117/<^1. and 187 <^1., respectively, | 
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Table 27» Absence of oxalacetate formation under optimal 
conditions for GO2 utilization by E. coli enzyme 
preparation. "" 
Time 
(mins-) 
CO2 fixed*^ 
(A1. ) 
Oxalacetate 
formed 
(Al.) 
10 v71 0 
30 +104 0 
45 +22 0 
60 -47 -1 
75 -117 0 
180 -187 0 
"®The plus sign { + ) means excess CO2; the minus sign (-), CO2 
Ells sing or fixed. 
UOTE: Cups containedJ juice, O.S ml.; pyruvate, 0.026 Mj 
HaEGOg, 0.059 M; citric acid (in side arm, 50^), 
0.3 lal. Total volume, 2.3 ml. Atmosphere, 5^ COo 
in Temperature, 30.4® C. Citrate aniline added 
afterwards, 0.4 ml. 
but in no case was oxalacetate detected. Any oxalacetate 
which might have been formed iffould almost immediately be re­
duced, due to the presence of molecular hydrogen. 
Under the same conditions, but substituting Kg for Eg to 
prevent the reduction of any oxalacetate that might be formed, 
a definite test for oxalacetate was obtained {Table 28) on the 
addition of aniline-citrate to the medium after all bound COg 
had been liberated. The exact procedure is described in the 
section on methods. The contents of the control cups were 
exactly the same and isyere treated in the same way as those of 
the experimental cups except that the pyruvate in the side 
arm was not tipped into the center -vjell containing the Juice 
until after the citric acid had been tipped in from the other 
- 109 -
TaMe 28. Formation of oxalacetate from pyruvate and CO2. 
Atmosphere Time 
(minutes) 
Oxalacetate 
formed 
Controls 
5^ CO2 in H2 25 22 -2 
SO 24 0 
90 12 0 
5% CO2 in Eg 30 0 0 
90 0 0 
jJOTE: Juice 0.8 ml.; pyruvate ( 0.5 M ) ,  0.2 ml.; HaHGOg 
(0.3 M), 0.5 ml; citric acid (in side arm, 1:1), 
0.3 ml.; H2O to total volume of 2.3 xnl. 
Temperature, 30.4'^ C. Citrate-aniline added 
afterv/ards, 0.4 ml. 
side arm. Thus, the contents -were the sane, and the enzyme 
did not act on the pyruvate. Again, using the same juice, 
under an atmosphere of 5/C CO2 in H.2, no test was obtained for 
oxalacetate. 
In time-experiments conducted on the formation of oxal­
acetate from pyruvate and CO25 the amounts formed were, 
generally, slightly higher when the enzyme was allowed to act 
for 45 or- 50 minutes. Smaller amounts of oxalacetate were 
detected at 20 minutes, and decreasing amounts were observed 
after a 60-minute period of activity. The quantities of oxal­
acetate formed (expressed in microliters of gas) v/ere small, 
but each experiment was carried out at least in triplicate 
and the results checked well. Controls for each experiment 
were always run at least in diiplicate under the exact condi­
tions of the experiment and at the same time. 
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Effect of concentration of enzyme and substrate on carboxyla-
tlon 
If the formation of oxalacetate from pyruvate and COg is 
definitely an enzymic reaction and an equilibrium does exist 
as postulatedJ 
CO2 + CH3.CO.COOH ^ COOH.CEG.CO.COOH 
then definite effects should be observed on varying the concen­
trations of the enzyme, pyruvate, and carbon dioxide. The 
effect of concentration of enzyme on formation of oxalacetate 
from pyruvate is shovra. in Table 29. Here again, a dilution 
effect due to the concentration of enzyme was noted, for on 
decreasing the amount of juice from 0.8 to 0.4 ml., the amount 
of oxalacetate formed decreased by two-thirds. Eight-tenths 
milliliter of Juice "aras found to be optimal, since on the 
addition of 1.0 ml. of the juice and subsequent acidification 
in the Warburg cup, longer shaking was necessary because of 
the greater amount of precipitated proteins present, •shich 
tended to delay slightly the complete liberation of all the 
bound carbon dioxide. 
The effect of concentration of pyruvate on the formation 
of oxalacetate is sho\vn in Table 30. It is evident that in­
creasing concentrations of pyruvate results in quite small 
but definite increases of oxalacetate. Carbon dioxide was 
also shown to be necessary for the reaction (Table 51). Diir-
Ing the anaerobic dissimilation of pyruvate by this enzyme 
preparation, a small amount of CO2 is produced, and this amount 
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Table 29. Effect of concentration of enzyme on formation 
of oxalacetate from pyruvate. 
Enzyme Ozalacetate formed {mX, ) 
(ml.) Average Controls 
0.4 8 0 
7 0 
5 6 
0.6 11 0 
14 12 0 
11 
0.8 21 0 
18 0 
18 19 
1.0 14 0 
27 0 
12 
25 20 
HOTE: Gups contained: juice in indicated amounts; pyruvate 
(0.5 M), 0.4 ml.; citric acid (1:1), 0.5 ml. (in side 
arm); to total volume of 2.0 ml. Time, 50 minutes 
Atmosphere, 10^ COg in Hg. Temperature 50.4° C. 
is sufficient to cause the formation of some oxalacetate 
(Experiment l\fo. 2, Table 31). Hovjever^ v^hen NaOE is added to 
the alkali -arell of the Warburg vessel, during the dissimila­
tion of pyruvate, the oxalacetate formed is decreased to zero 
in some cases. (The SaOE "syas removed before addition of 
citrate-aniline to the cup.) Further increase in the COg-
concentration in the system by the addition of HaECO^, pre­
viously sat'orated with COg, resulted in an increase in the 
amount of oxalacetate formed, the optimal concentration of 
carbonate for formation of oxalacetate being O.OS M (Table Si 
Exp. 4). 
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^able oO^ Effect of concentration of pyruvate on forraation 
of oxalacetate. 
Pyruvate Oxalacetate formed (^1.) 
concentration (M) Average Controls 
0.09 IS 
IS 
25 21 4-1.5 
0.070 17 
24 -1.5 
21 21 •^1.5 
0.055 14 
14 +1.5 
14 14 t4 
0.055 11 
10 10.5 0 
0.018 0 
0 0 0 
NOTE: Each cup contained: juice^ 0.8 ml; pyruvate in indi­
cated concentrations; citric acid (50^, in side arm), 
ml. Total volimte, 2.0 2nl. Aniline-citrate added 
afterwards, 0»3 ml.; Atmosphere, 10^ CO2 in 1^2* Tiiae, 
50 minutes. Temperature, 50*4® C« 
Thus it has been demonstrated that in the presence of 
optimal concentrations of pyruvate, carbon dioxide, and the 
enzyme, and in the absence of hydrogen gas or other suitable 
hydrogen donators, the presence of a siaall amount of oxalace-
tate or a compound very closely resembling it can be detected 
It has been previously demonstrated ti^t there are at 
least t\TO mechanisms for the formation of succinic acid with 
this enzyme preparation. Thus fumarate m&j arise from succin 
ate which is fonaed by acetic acid condensation. Eov/ever, 
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Table 51. Hecessity for COg and optimal concentration of 
MaECOg for formation of oxalacetate. 
Experiment Conditions Cxalaeetate formed {u^l,) 
2Fo. Average Controls 
1 HaOE 6 
0 0 
9 0 
0 4 0 
2 ~ 20 
19 20 -2 
5 HaHCOs (0,1 ml,} 21 
30 0 
17 23 0 
4 NaHGO^ (0.2 ml.) 30 
29 30 3 
5 UaHCOg (0.5 ml. ) 24 
18 21 
6 HaECOg (0.4 ml.) 24 
25 24 
KOTE; Each cup contained: Juice, 0»8 ml,; pyruvate (0.3 M), 
0.4 ml.; citric acid (1:1, in side arm), 0.3 ml. Gups 
in Experiment 1 contained, in addition, 0.3 ml. of 
20^ HaOE (in alkali vrell). Cups in Experiments 3-6 
contained the indicated amount of 0.3 M HaECOg. Gups 
in Experiment 2 contained no KaOH or KaECOg. Atmos­
phere I2" Time, 50 minutes. Temperature, 30.4® C. 
Total volume of cups made up to 2*0 ml. with \'jater. 
Gitrate-aniline added afterwards, 0.4 ml. 
under anaerobic conditions, no oxalacetate was detected with 
fumarate as substrate. Another possibility is that oxalace­
tate may be formed from fumarate anaerobically, in the pres­
ence of a suitable hydrogen acceptor such as pyruvate. Tinder 
these conditions, however, fumarate is a much better hydrogen 
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acceptor than pyruvate, and thus the possibility of the 
anaerobic formation of oxalacetate from fumarate would seem 
to be eliminated. To completely eliminate the possibility, 
potassium cyanide was use<3 as a selective inhibitor. At a 
concentration of 0«0025 M potassium cyanide dissimilation of 
pyruvate was inhibited 95%, according to the carbon dioxide 
evolution from bicarbonate buffer, and 95^, according to pyru­
vate actually dissimilatedj but the formation of oxalacetate 
from pyruvate was not inhibited, These results correspond 
with those of Wood and Werkman (1940) in work with propionic 
acid bacteria, ishere it was found that potassium cyanide did 
not inhibit COg-fixation. Thus the dissimilation of pyruvic 
acid to acetic and formic acids viras almost completely stopped 
with no decrease in the amount of oxalacetate formed. 
Attempts to increase further the carboxylation of pyru­
vate have met with little success. However, it was found 
that in the presence of KC2J after 2-3/4 hours the amount of 
oxalacetate formed was increased to 56^1. {Table 32). Yifith-
out cyanide present the amount -was greatly decreased. The 
Straub colorimetric test vfas also used for the determination 
of oxalacetate and the amoxmts of oxalacetate foiTiied, as 
determined by this method, checked well with the amounts 
formed as determined with the citrate-aniline method (Table 
32), 
In order ifo demonstrate conclusively the formation of 
1  3  
oxalacetate from pyruvate and C Og, the presence of an excess 
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Table 32. Comparison "bstiseen the aniline-citrate and 
colorimetric methods in determination of 
oxalacetate from pyruvate and COg. 
Method ECK Gxalacetate (M.) formed C^l.) 
Aniline-citrate 0.00 16 
0.00 24 
0.0025 36 
0.0025 36 
Goloriiaetric 0.005 31 
0.005 32 
0.005 37 
lOTE: Each cup contained: juice, 0»8 lal.; 
pyruvate, 0.06 M| EON in indicated con­
centrations. In the aniline-citrate 
method J, 0.3 ml. citric acid (50^) was 
placed in side ami} 0.3 e1. aniline-
citrate was added afterwards. In colori­
metric method J, 0.3 ml. of 10^ trichlor­
acetic acid was used as deproteinating 
agent. Total volume of cups, 2.0 ml. 
Atmosphere, 10^ GOg in Ug* Time, 2.75 
hours for aniline-citrate method, 2 hours 
for colorimetric method* Temperature, 
30.4° C. 
of heavy carbon would have to be demonstrated In the carboxyl 
group adjacent to the methylene carbon of the oxalacetate 
formed. This has not yet been accomplished because of the 
small amounts of oxalacetate present. Chemical analyses of 
the oxalacetate formed would also have to be made to deter­
mine Tcihether the biological form is identical with the syn­
thetic compoijnd prepared in the laboratory. At any rate, the 
possibility still remains that phosphorylated or other inter­
mediates are involved in the fixation reaction and that the 
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reaction is more complex than represented. 
Snimnary and conclusions 
The enzyme ezhllDits strong activity with fiiinarate and 
oxalacetate as acceptors of gaseous hydrogen. In addition, 
oxalacetate is rapidly decarboxylated. Manganese is necessary 
for the decarboxylation of oxalacetate, v/hereas cocarboxylase 
and inorganic phosphate are not. 
There is no dilution effect of the enzyme in the decarbox­
ylation of oxalacetate, although the specific protein nature 
of the enzyme concerned in this reaction was demonstrated* 
The enzyme forms oxalacetate (or a closely related com­
pound) from fumarate and malate, and smaller amounts from 
succinate aerobically. Ko oxalacetate is formed from fuiaarate 
anaerobically. 
During decarboxylation of oxalacetate, in the presence 
15 
of HaEC O5, an exchange reaction was found to take place, 
•®ith an excess of located in the carboxyl group adjacent 
to the methylene carbon of the residual oxalacetate. 
In attempts to demonstrate the carboxylation of pyruvate 
by the formation of oxalacetate from pyruvate and CO2, no 
oxalacetate was detected imder optimal conditions for CO2-
fixation by the juice under an atmosphere of 5^ CO2 in E2* 
Under the same conditions, but substituting nitrogen for 
hydrogen, definite tests were obtained for the formation of 
oxalacetate (or a compound very closely reserabling it) from 
pyruvate and CO2* 
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The effects of enzyme, pyruvate, and carbon dioxide con­
centration on the fonsation of "oxalacetate" are considered. 
Varying the concentration of enzyme and substrate resulted in 
the formation of different amounts of oxalacetate. 
In the presence of 0.0025 potassium cyanide, the dis­
similation of pyruvate was inhibited 93 to 95^, with no 
decrease in the amount of oxalacetate formed. 
TJnder optimal conditions and in the presence of potas­
sium cyanide, the quantity of oxalacetate formed was increased 
slightly. 
Two different methods were used to determine the quanti­
ties of oxalacetate formed from pyruvate and COg. The results 
of both methods were in good agreement. 
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DISCUSSIOF 
It has "been demonstrated that pyruvic acid plus carbon 
dioxide under the correct conditions will comhine to form 
oxalacetic acid or a compound very closely related to it. At 
this point, it laight be interesting to pose some questions 
which naturally arise in connection with this reaction. For 
example, -what role (either direct or indirect) does phosphor­
ylation play in COg-utilization and what is the source of 
energy which enables heterotrophic assimilation of carbon 
dioxide to take place? Ko work has as yet been done on this 
phase of the problem. 
Although carboxylation has been demonstrated, v;e are not 
certain whether pyruvate as such enters into the reaction or 
whether a phosphorylated form is the actual substrate. In 
order to demonstrate the reaction with phospho-pyruvate, the 
enzyme preparation used must not dephosphorylate the substrate 
The next question which arises is, how can pyruvate be con­
verted to phospho-pyruvate? This synthesis has not been demon 
strated since Meyerhof et (1938) showed that the dephos-
phorylation of phospho-pyruvate to pyinivate is not a reversi­
ble reaction. Eidney extracts, which show a very rapid phos­
phorylation of different compounds aerobically (Ealckar, 1937) 
do not phosphorylate pyruvic acid. However, Salckar did 
demonstrate the formation of phospho-pyruvate as a result of 
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i 
! 
oxidation of aalate or fiimarate by kidney extracts, and Lipmann j 
1 
(1941) proposed that the oxidation occurred by the addition | 
s 
of phosphoric acid to the double bond of f-umaric acid: i 
? 
COOE.CEtCH.GOOE 4 E3PO4 ^ GOOE.GE2.CE.O.POs^.COOE 
Fumaric acid Phosphofumaric acid 
GOOE.CE2.CB.O.PO3B2.COOE C00E.CH:C.0.P03E2.C00B 
Phosphooxalacetic acid 
COOE.CE:C.O.POgE2.COOE ~==^ CB2:C.0.P03B2.C00H 
Pho3T>hopyruvic acid 
Thus, phosphopyruvate presumably could arise from pyruvate by [ j 
way of the carboxylation reaction, but pyruvate and not phos- | 
phopyruvate would be the compound actually undergoing carbox- i 
ylation. The evidence at present is too meager to indicate | 
I 
•whether phosphate is a part of the molecule undergoing phos- I 
T* i 
/ pho^lation, but it is conceivable that phosphorylation may | 
play a part in C02~fixation by supplying the energy needed j 
for this assimilation. 1 J 
Assimilations or syntheses are endergonic biological re- | 
actions and therefore need energy. In order to obtain this j 
I 
energy they are coupled -with exergonic processes •which yield I 
energy. Since 'C02-fixation is an assimilative reaction, and j 
- • i 
phosphorylations and dephosphorylations, thermodynamically | 
are important biological reactions, there is the possibility | 
3 
that the energy for this assi3ailation might come from the | 
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splitting of some phosphate compound. According to Borsook 
(quoted by Evans et al., 1943), the decarboxylation of 
oxalacetate yields 5250 calories; 
oxalacetate + HgO > pyruvate + HCOg 
-184,210 -56,200 -106,460 -139,200 
AP = -5250 
Therefore, the carbozylation of pyruvate would need that much 
energy. Examination of possible sources of such energy brings 
to light some possibilities closely connected with this 
reaction. 
It is known that the formation and hydrolysis of pyro­
phosphate (for example, adenosine-triphosphate) are two of the 
most energy-rich reactions in biological systems. The free 
energy change (AF) involved in phoaphoirylation and dephosphor-
ylation is not known, but the heat change (AE) has been 
measured. The AE in the splitting of pyrophosphate from 
adenosine-triphosphate amounts to about 11,000 calories per 
mol. P., and the AF (free energy change) has been estimated 
at more than 10,000 cal. per mol. ?. (Kalckar, 1942). Thus, 
the dephosphorylation of adenosine-triphosphate theoretically 
could supply enough energy for the carboxylation of two mole­
cules of pyruvic acid. 
The energy in the pyrophosplaate molecule can arise from 
the oxidation of carbonyl structures, coupled with phosphate 
uptake* Oxidation of an aldehyde group with water entering 
into the reaction 
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0 .OE 0 0* 
-C <• EOE ===i -C —OE - • ^ ' > -c .. . -c 
\. V V 
results in a large increase in stability of the carboxyl 
group which is formed, due to its resonating structure. TMs 
increase in stability is expressed in the liberation or 
scattering of a large amount of free energy. Eowever, if 
instead of israter phosphoric acid enters into the reaction^, 
0 OE 0 
/ —2Q + 2H** 
-C t H.O.PO^Bg ^ -C—0 - P O3E2 -C-O-PO3S2 
B E 
there is little increase in the stability of the resulting 
coinpound because the carboxyl resonance and phosphate resonance 
are both eliminated and, therefore, only a very small change 
in free energy is involved. This simultaneous elimination of 
two resonating structures is referred to as opposing resonance. 
Therefore, instead of the energy being scattered ^d lost on 
oxidation, it is conserved. On transfer of phosphate groups, 
for example, to adenylic acid, adenosine-triphosphate is 
formed which contains most of the potential energy of the 
original carbonyl group. The hydrolysis of the pjrrophosphate 
structure of adenosine-triphosphate results in the liberation 
of approximately 10,000 calories. Other structures in -which 
opposing resonance occurs and which on dephosphorylation are 
converted to structures of high stability with the consequent 
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liberation of a large amount of free energy are carboxyl phos­
phate (such as 1,3-diphosphoglyceric acid^, acetyl phosphate), 
guanidine phosphate (such as creatine phosphate) and pyrophos­
phate (such as adenosine-triphosphate). 
Lipmann (1941) estimated the A'F of the reaction phospho-
enol-pyruvate pyruvate phosphate to be about -11,250 
cal» per mol. P« This reaction could be regarded as a possi­
ble source of energy for the carboxylation reaction. This 
iDight explain why pyruvate would be the compound actually under 
going carboxylation, since the dephosphorylation of phospho-
enol-pyruvate might actually be necessary for carboxylation 
to take place. 
The formation of acetyl phosphate may be another import­
ant step indirectly connected with carboxylation. Lipmann, 
by assuming the entry of phosphate into compounds with carbonyl 
groups, discovered acetyl phosphate. He established that the 
oxidation of pyruvate proceeded through an intermediate phos­
phate to acetyl phosphate^ Acetyl phosphate is quite unstable 
and quickly breaks down at room tejE5>erature to acetic acid 
and inorganic phosphate. Eowever, in the presence of adenylic 
acid adenosine-triphosphate is formed (Lipmann, 1941) which 
is ready to provide its high energy of dephosphorylation 
(approximately 10,000 cal.) to other chemical reactions- Con­
firmation of the occurrence of acetyl phosphate, this time 
under SLnaerobic conditions, during the dissimilation of pyru­
vate by an enzyme preparation of E- coli, has recently been 
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obtained (Utter and Werkman, 1945). It was also demonstrated 
that acetyl phosphate transfers phosphate to adenylic acid 
presumably forming adenosine-triphosphate. 
Thus, during the anaerobic dissimilation of pyruvate, two 
reactions occur side by side; one, carboxylation, which re­
quires energy; the other, the formation of acetyl phosphate 
and adenosine-triphosphate which, on splitting into adenylic 
f 
acid and inorganic phosphate, yields energy. It Is tenipting 
to think that these t^o reactions may be complementary. 
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SUMMARY AED CONCLUSIONS 
In attempts to modify and possibly improve the method 
used in obtaining active bacterial extracts, whereby the cells 
are ground with powdered Pyrex glass, it was found that more 
active preparations were obtained when less glass was mixed 
with the bacterial cells. Extensive grinding reduced the 
activity of the bacterial enzjme systems on glucose and hexo-
sediphosphate. In a cosiparison of grinding agents, it was 
found that glass was superior to carborundum. The activity 
of the bacterial enxyme preparations was shown to be indepen­
dent of the small amount of cells present. 
By varying the media and conditions of growth, an enzyme 
preparation was obtained froa Escherichia coli which was 
active in the anaerobic dissimilation of pyruvate, producing 
acetic, formic, lactic, and succinic acids and carbon dioxide. 
The preparation also contained the enzymes formic dehydro­
genase and hydrogenase. The whole systein could be frozen and 
dried ^  vacuo without any Immediate loss in activity. 
It was found by dialyzing the enzyme preparation that 
inorganic phosphate, manganese ions and cocarboxylase were 
components of the enzyme system in the anaerobic dissimila­
tion of pyruvate. 
Under the correct conditions an actual net uptake of 
carbon dioxide by this bacterial enzyme preparation was 
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j demonstrated with pyruvate as substrate. In the presence of 
carbon dioxide containing an excess of heavy carbon (C^®) the 
fixed carbon dioxide was traced to the carboxyl groups of the 
succinic, lactic, and foraic acids formed. Again, making use 
of the tracer technique, another mechanism for succinic acid 
formation besides that of CO2-utilization was demonstrated, 
the condensation of acetic acid, or its derivative, to 
form succinic acid* The enzyme preparation did not contain 
hydrogenlyase, and in the absence of this enzyi:ie it was demon­
strated that formic acid does not arise by a reduction of 
carbon dioxide in the medium but more probably is split from 
pyruvate# 
The enzyme preparation exhibited strong activity on oxal-
acetate and fumarate, postulated intermediates in the fixation 
reaction., Quantitative data are presented on the decarboxyla­
tion of oxalacetate, the reduction of oxalacetate and fumarate, 
and the r-everse fonaation of oxalacetate from succinate, 
fumarat^ and mal&te. During the decarboxylation of oxalacetate 
in the presence of C^®02, an exchange' reaction takes place 
between the carbosyl group adjacent to the methylene carbon 
atom of oxalacetate and the COg in the medium. Finally, with 
pjrruvate and CO2 as substrate and in the presence of the 
enzyme preparation, small amounts of oxalacetic acid or a 
compound very similar to it were detected. The quantities of 
"oxalacetic" acid formed depend on optimal concentrations of 
the enzyme and pyruvate, and it was shown that carbon dioxide 
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was necessary for the formation of this compound. 
The evidence presented points to the accaracy of the 
original laechanisn postulated for the Wood-WsrinQan reaction. 
The application to intact cells of results obtained with 
cell-free enzyme preparations does not necessarily completely 
follow. However, keeping in mind what the living cell is 
and the complexity of the enzyme systems, cell-free prepara­
tions can be advantageously employed in attempts to elucidate 
some of these complex biochemical activities. 
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